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ABSTRACT

Phospholipase C1 (PLCB1) is a multifunctional protein localized mainly on the plasma membrane
that also binds to stress granule (SG) proteins in the cytoplasm. While activation of Gog, the
membrane bound subunit of the GPCR, leads to the activation of PLCB1 on the membrane, Gaq
also binds to Caveolin-1 (Cav-1) at a different binding site. Cav-1, a fundamental component of
the formation and maintenance of caveolae domains, stabilizes the activated state of Gaq
enhancing the activation of PLCB1 and prolonging the intracellular calcium efflux. Caveolae
disruption and irregular stress granule assembly and disassembly have been implicated in several
diseases including spontaneous hypertrophy (muscle enlargement of cardiac cells), ALS and
autism spectrum disorder. Here we provide valuable insight into the ways cells adapt to different
environmental stresses including hypo-osmotic stress, heat shock, cold shock, carbachol and

arsenite treatment.

This dissertation examines the effects of various environmental stresses in smooth muscle cells
and their ability to adapt to them through the Goq/PLCP1 signaling. We found that all
environmental stresses increase the number and size of PABPC1 and Ago2 related particles
suggesting the increased incorporation of stress granules. We also found that loss of PLCB1 from
the cytoplasm promotes stress granule oligomerization. We next identified the caveolae
involvement in this process and we were mainly interested in the role of Cav-1 and cavin-1. We
discovered that caveolae deformation through mechanical stretch or Goq activation promotes
cavin-1 relocalization from the plasma membrane to the nucleus to impact transcription and
translation. With that in mind, we wanted to understand the series of events taking place in the
nucleus and identify genes whose production is severely affected due to the caveolae deformation.
Overall, we found several anti-viral genes being upregulated when caveolae were deformed,

leading to a novel discovery.
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CHAPTER 1 - GENERAL INTRODUCTION

1.1 PHOSPHOLIPASE C B1 SIGNALING PATHWAY

The large family of guanine nucleotide-binding proteins (G proteins) receptors consist of seven
transmembrane proteins that serve as membrane-bound transducers of chemically and physically
coded information[1]. A diverse array of ligands such as hormones, neurotransmitters, vasodilators
and many pharmaceutical agents elicit different cell responses causing changes such as movement
or cell morphology. Over the past few decades, G proteins have been the main subject of several
studies that revealed their role as intermediates in transmembrane signaling pathways that consist

of three types of proteins: receptors, G proteins, and effectors[2; 3; 4].

Heteromeric G-proteins

Ligand

Receptor

000000000000000 9000000000

0000000000000006¢

Figure 1. 1: Heterotrimeric G-proteins activation and de-activation signaling events.

G-proteins can be monomeric or heteromeric. Heterotrimers have subunits designated as o, § and
v in order of decreasing mass. When the G-protein coupled receptors (GPCR) are activated by
hormones or neurotransmitters, they in turn activate the membrane-bound Ga subunit by
catalyzing the exchange of GDP to GTP. In the GTP-bound state, Ga has a ~50-fold weaker
affinity to Gy subunits, which destabilizes the heterotrimer leaving the Ga and Gy to separately
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bind to and activate specific proteins such as second messengers[5]. This conformational change
is mediated by the Guanine Nucleotide Exchange Factor (GEF). This active state of GPCR can go
back to its inactive state with the help of the GTPase Activating Protein also known as GAP which
hydrolyzes GTP removing its dominal phosphate and promoting the re-association of the

heterotrimeric proteins back on the plasma membrane (Fig 1.1).

G protein o subunit is also divided into four subfamilies, Gas, Gai, Gaq, and Gal2, and these
subunits bind to only B isoforms of PLC. Depending on the Ga subunit family, Ga will act to
stimulate or inhibit adenylyl cyclase (AC), activate phosphoinositide-specific phospholipase C
(PI-PLC), or regulate RhoA proteins. On the other hand, GBy subunits are thought to play a role
in calcium channel activity, and regulate protein kinases and small G-proteins, such as ERK1/2,
JNK, phosphoinositide-3 kinase (PI3K), and mitogen-activated protein kinases (MAPKs). The
Goq family is activated by acetylcholine, dopamine, serotonin, histamine, bradykinin, endothelial

I and angiotensin II, and activates phospholipase Cf (PLCP)[6].

While on the membrane PLC is soluble but binds to membranes, catalyzing the hydrolysis of the
signaling lipid phosphatidylinositol (4, 5) bisphosphate (PIP2). PIP; hydrolysis leads to the release
of inositol 1,4,5-triphosphate (IP3) that diffuses to the endoplasmic reticulum (ER) to bind to IP3
channels, along with diacylglycerol (DAG) which is involved and several signaling pathways
originating by the activation of Protein Kinase C. The hydrolysis of PIP> and the binding of IP3 to
its appropriate receptors, is the first of many events that occur to lead to an increase in intracellular
calcium mediated by PLCPB1[7]. These events are critical for gene expression, cell growth,

development, survival, and cell death (Fig. 1.2)

1.2 CAVEOLAE PROVIDE MECHANICAL STRENGTH TO CELLS

One of the most distinct features of the lipid membrane is the presence of caveolae. Caveolae are
flask-shaped membrane invaginations with 50-100nm size that provide mechanical strength to
cells and impact calcium signals initiated through the Gaq signaling pathway[8]. Caveolae are
found in many types of mammalian cells and can provide almost a 2-fold increase in the surface
area of the membrane. The “U” shape of these proteins results in the occupation of only the inner

leaflet of the plasma membrane. The proteins contain multiple palmitoylation sites, which together
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with cholesterol and other lipids, promote the formation of tightly packed domains that can phase
separate from other membrane lipids. This separation is caused by the aggregation of ~144 Cavl

or Cav3 molecules, and because of their shape, an inward curvature of the membrane is induced[9].

Caveolae are known to play an important role in mechanosensation, endocytosis, scaffolding and
cell signaling[10]. Structurally, caveolae are composed of caveolae specific proteins such as Cavl
comprising 178 amino acids and caveolin-3 (Cav-3), where Cav-3 is muscle specific as well as
cavin and other proteins. It is important to mention that cells lacking the Cav1 gene do not have
caveolae, making Cav-1 or -3 a requirement for both the formation and the maintenance of

caveolae[11].

In addition to the caveolins, cavins are also a class of caveolae specific proteins. Cavins are adaptor
proteins that regulate the curvature of caveolae membrane by anchoring Cav-1 to the cytoskeleton
via its C-terminal region. The cavin protein family consists of 4 proteins, cavin 1, 2, 3 and 4 with
cavin-1 being the most abundantly expressed and studied[12; 13]. However, before identifying
cavin-1 as an adaptor protein for the caveolae structure, it was mainly known as Polymerase
Transcript Release Factor 1 (PTRF-1) or cav-p60 due to it important role in ribosomal transcription
termination by RNA Polymerase I (Pol I) since it binds to 3’ end of the pre-mRNA allowing the
allowing the release of pre-RNA and Pol I from the stalled transcription complex[14].

Previous work in smooth muscle rat aortic cells (A10) has shown that Gaq binds to the scaffold
domain of Cavl or Cav3 which enhances its activation[15]. Considering that Gaq continues to
activate PLCPB when bound to caveolae (they do not share the same association site), the
localization of Goq to caveolae greatly enhances calcium signals. Hypo-osmotic conditions
reduces Ca®" signals by disrupting the Gag/Cav1 interactions[16; 17]. It was also found that when
cells are subjected to either bi-directional static or oscillating mechanical stretch, calcium release

through activation of Gaq/PLCp is intact, but contacts with caveolae are disrupted[18].
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Figure 1. 2: Model representing PLCB1’s role on the plasma membrane. The hydrolysis of PI (4,5)

P> is shown along with the Gaq binding to the Cav-1 dimer.

1.3 STRESS GRANULE FORMATION

While PLCP1 is traditionally found on the plasma membrane catalyzing the hydrolysis of PIP>, we
found that a population of PLCP also resides in the cytosol. When we isolated the cytosolic
fractions of both undifferentiated PC12 (pheochromocytoma of the rat adrenal medulla) cells and
A10 cells to identify potential binding partners for our protein of interest by mass spectrometry,
we found that approximately one third of the bound proteins are classified as stress granule

proteins.[19; 20]

Stress granules are membraneless cytoplasmic organelles that consist of non-translating mRNAs,
translation initiation complexes (eIF5A), poly (A)-binding protein (PABPCI1), RasGAP SH3
domain binding proteinl (G3BP1) and other RNA-related proteins including Argonaute 2 (Ago2)
which is also part of the RNA induced silencing complex (RISC)[21; 22]. While the regulation of
stress granule assembly and disassembly is not well understood, high resolution microscopy has
shown that these aggregates lack a membrane envelope and therefore they partition themselves
from the cytosol through liquid-liquid phase separation (LLPS)[23; 24]. The structure of stress

granules contains two components: a concentrated core and a dynamic less-concentrated shell.
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This entire structure, especially the shell, contains intrinsically disordered proteins (IDPs) that
contribute to the stress granules liquid-like behavior. Therefore, the mixture of components that
make up these aggregates have higher affinity of attraction to each other over the surrounding

environment that makes up the cytosol, allowing these separate structures to coexist.

While the proper assembly and disassembly of the granules is fundamental for healthy cell
function, it is important to understand this defense mechanism in more detail. When cells are
exposed to environmental stress conditions such as mechanical stress, heat/cold shock, osmotic
stress, oxidative stress, or nutrient deprivation, Gaq activation of PLCB1 is greatly impeded [19].
In these cases, cells activate this defensive mode during which they halt production of several types
of proteins and form stress granules in the cytoplasm, where they store mRNAs and associated
translation proteins[25]. Stress granules act as waiting stations that allow the cells to decide the
fate of the mRNAs after the stress is removed. Some mRNAs will follow degradation pathways;

others will get stored, and some will enter the translational machinery[26; 27].

1.4 BIOLOGICAL SIGNIFICANCE

Studies focusing on all the FDA approved drugs from 1942 to 2016 interestingly show that
approximately 40% of the total drugs available in the market per year of interest, are GPCR
related drugs. When looking at the success rates of these drugs for each phase of their clinical
trial, GPCR targets had success rates of 78%, 39% and 29% for phases I, I and III respectively
which are significantly higher that the success rates of all the other drugs[28]. Some of the most
important areas that GPCR targets impact are genetic disorder, neoplasm, cardiovascular
diseases and respiratory system. When looking at the highest number of GPCR targets in trial the
majority of them target diabetes and neoplasms while the highest ration of GPCR targets versus

approved targets belongs to Alzheimer disease, obesity and Parkinson disease [29].

Other studies focusing on caveolae show that Cav3 knock out mice display cardiomyopathy
characterized by hypertrophy, dilation and reduced contractility while Cav-1 null mice are
prominent to develop cardiac hypertrophy[30; 31]. Additionally, Gaq plays a key role in
hypertension, vascular remodeling and hypertrophy of vascular smooth muscle cells[32]. It is

known that Gaq/PLCP1 is a key mediator of scarring after heart infractions[33]. In other words,
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changes in Goq activation may influence the normal disassembly of stress granules causing
atrophy, heart attack or heart failure[34]. Understanding the link between caveolae, Gaq activation
and stress granules may increase the overall understanding of cardiac disease cause and

progression on the cellular level.

High blood pressure or hypertension is a common condition in which the pressure of the blood
within the blood vessels is higher than 130 over 80 mmHg. Blood pressure is determined both by
the amount of blood your heart pumps and the amount of resistance to blood flow in your arteries.
The long-term high force of the blood against the arteries can eventually cause serious health
problems such as heart disease and stroke. This condition along with hypertrophy are the most
common conditions studied in cardiovascular investigations. The leading cause of death in the
United States as of 2020 is heart disease with stroke being second. Generally, one out of three US
adults suffer from hypertension, which corresponds to approximately 75 million people

worldwide, usually affecting individuals over 55 years old[35; 36].

1.5 INNOVATION

This study seeks to tie together Cav1/Gagq signaling with Gaq/PLCP1 stress granule regulation and
translation. The novelty of this proposal is the correlation between caveolae and stretch-induced
stress granule formation through the Gaq/PLCB1/GPCR signaling pathway. PLCP1 has the ability
to bind to many partners to prevent the premature formation of stress granules. In addition,
caveolae act as stress sensors and mediators in smooth muscle cells, through both the Gag/calcium
signaling pathway and the mechanical function. Thus, Cav/Gaq/PLCB1 may be regulating the
coordinated assembly and disassembly of intracellular aggregates, impacting transcription and
translation and affecting genes related to heart disease that may pave the development of new drug

technologies.
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The following subsections appear in the Review Article Jackson et al. “Regulation of bifunctional
proteins in cells: Lessons from the phospholipase CB/G protein pathway” Protein Science. (2019)
and are reproduced here with permission. Addition information on the authors’ contributions can

be found in section 2.15.

2.1 ABSTRACT

Some proteins can serve multiple functions depending on different cellular conditions. An example
of a bifunctional protein is inositide-specific mammalian phospholipase CB (PLCB). PLCP is
activated by G proteins in response to hormones and neurotransmitters to increase intracellular
calcium. Recently, alternate cellular function(s) of PLCp have become uncovered. However, the
conditions that allow these different functions to be operative are unclear. Like many mammalian
proteins, PLCP has a conserved catalytic core along with several regulatory domains. These
domains modulate the intensity and duration of calcium signals in response to external sensory
information and allow this enzyme to inhibit protein translation in a noncatalytic manner. In this
review, we first describe PLCP's cellular functions and regulation of the switching between these
functions, and then discuss the thermodynamic considerations that offer insight into how cells
manage multiple and competitive associations allowing them to rapidly shift between functional

states.

2.2 PLCB GENERATES Ca*" SIGNALS IN RESPONSE TO EXTRACELLULAR
SIGNALS

Most sensory information is received and processed by the G protein signaling system.! This
pathway allows external hormones and neurotransmitters to elicit different cell responses, such as
movement or morphology changes. G protein pathways are initiated when an extracellular agent
binds to its specific G protein coupled receptor (GPCR). GPCRs are a large family of seven
transmembrane proteins that interact and respond to a diverse array of ligands that include
hormones, neurotransmitters, vasodilators, many pharmaceutical agents, and light. Ligand binding
allows GPCRs to activate their associated G proteins by catalyzing the exchange of GDP for GTP
on the Ga subunits peripherally bound to the plasma membrane.? 3 Heterotrimeric G proteins are
composed of three subunits (a, B, and y). In the GTP-bound state, Ga has a ~50-fold weaker affinity
to GPy subunits,* which destabilizes the heterotrimer leaving the Ga and Gy to separately bind to
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and activate specific proteins. Once the complex is destabilized, the Ga and the Gy subunits each
act as effectors on specific targets. Depending on the Ga subunit family, Ga will act to stimulate
or inhibit adenylyl cyclase (AC), activate phosphoinositide-specific phospholipase C (PI-PLC), or
regulate RhoA proteins. Alternatively, GBy subunits are thought to play a role in calcium channel
activity, and regulate protein kinases and small G-proteins, such as ERKI1/2, JNK,
phosphoinositide-3 kinase (PI3K), and mitogen-activated protein kinases (MAPKs).3

In contrast to the ~800 different GPCRs, there are only four families of heterotrimeric G proteins
that are classified by their Go. subunits.® PLC is the main effector of Gaq 7, and activation of Gagq
increases the binding affinity of PLCPB ~20—40-fold (Figure 2.1, 2.8). Gaq is coupled to receptors
for neurotransmitters such as dopamine and acetylcholine, as well as hormones that mediate
vasoconstriction and inflammation, such as bradykinin and angiotensin II. PLCP is soluble but
binds to membranes, where it catalyzes the hydrolysis of phosphatidylinositol 4,5 bisphosphate
(PIP,), which is found at low levels in the plasma membrane.® PIP, hydrolysis catalyzed by PLCB
leads to two products: the lipid portion, diacylglycerol, which activates protein kinase C, and the
soluble head group, 1,4,5 inositol trisphosphate (IP3). IP; diffuses to the endoplasmic reticulum
(ER) where it binds to IP3 receptors. These receptors are Ca®" channels and when IP; binds, they
open, releasing Ca?" from intracellular stores into the cytoplasm. This increased level of calcium
changes the activity of a wide range of enzymes that carry out key cellular events such as
generating action potentials and neurotransmission in neurons, or initiating muscle contraction.!®-
12 Besides being activated by Gagq, two of the four known isoforms of PLCP can be activated by
GPy subunits.!3 Although GBy subunits have the potential to be released by any G protein family,
release is generally associated with Gai subunits thus connecting PLCJ and calcium signals to

large and diverse array of GPCRs.
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Diagram of the PLC[- Gaq Signaling Pathway
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Figure 2.1: Cartoon of the Gaq/PLCP signaling system showing simultaneous activation of

PLCp by both GBy and Ga subunits (see References 67, 68)

In order to access its substrate, PLCP must bind to the plasma membrane. Binding of PLCJ to
model membranes is strong and fairly nonspecific with partition coefficients ranging from 10 to
100 pM. ! This range of affinities suggests a transient membrane association in the range of 0.1 to
1 s (see References '5:19). Studies using purified proteins and model membranes suggest that PLCB
initially binds to membranes where it diffuses and hops along the membrane until it encounters
Gag." It is unclear whether a similar scenario occurs in cells since the amount of membrane
available for binding may be lower, and if this is the case, PLCP will bind directly to Gag. Once
activated, the affinity between Gaq and PLCPB1 increases 20-fold.# The high affinity between Gog
and PLCP (K4 ~1 nM) is attributed to the tucking of Gaq into a nook between the C2 domain and
C-terminal tail (Figure 2.2) of PLCB1.17
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Structure of the PLCB3- Gaq Complex

" C-terminal
domain

Activated

Figure 2.2: Crystal structure (PDB Id: 4GNK) of the PLCB2 (green) -Gaq (blue) complex
showing the extended C-terminal domain and where the various domains are indicated.

Missing is an unstructured 52aa connector between the C2 and C-terminal domains

The initial activation of PLCP and subsequent calcium release results in a series of coordinated
events involving changes in protein associations, modifications, and localization.!® Calcium
release is enhanced by two major effects.!! One is the activation of PLC3. PLCS has a similar
structure as PLCP but is not activated by G proteins. Instead, PLCS becomes highly active when
calcium levels in the cell rise, synergizing PLCB activity (see Reference '?). Additionally,
increased calcium opens calcium-activated calcium channels on the plasma membrane, allowing

external calcium to enter the cell.2?

2.3 THE DOMAIN STRUCTURE OF PLCB ALLOWS MULTI-FUNCTIONALITY
Like most mammalian signaling proteins, PLCP is composed of several conserved domains
(Figure 2.3). At the N-terminus is the pleckstrin homology (PH) which mediates activation by Gfy.

This domain is followed by two EF hands and the catalytic domain. Immediately following the
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catalytic domain is the C2 domain and a long 400 amino acid coiled-coil domain that comprises
the C-terminal domain. This region is distinctive of PLCP enzymes and confers Gaq activation to
the catalytic core. Gaq binds to the C-terminal domain close to the C2 domain (Figure 2.2), leaving
the long-coiled coil extension to potentially interact with other species. As described below, it is

this noncatalytic C-terminal region that allows PLCP to impact protein translation. 2! 22

Domain structure PLC3 Enzymes

PLCB

PHDomain| EF hands | X-Y Catalytic Domain I C2 Domain l C-terminal Domain

~1-120 ~140-290 ~320-650 ~600-810 ~800-1200

Figure 2.3: Schematic of the domain structure of PLCP along with the amino acid number

2.4 PLCB HAS AN ATYPICAL CYTOSOLIC POPULATION THAT IMPACT
PROTEIN TRANSLATION

Even though PLCP1 binds strongly to model membranes, cultured cells have a significant level of
PLCS in the cytosol (Figure 2.4). In previous years, the function of this cytosolic population was
unclear because the activity of PLCP in the absence of activated Gaq is very low, especially
compared to PLCS. To understand the role, if any, of this cytosolic population, our lab set out to
identify novel binding partners of cytosolic PLCP using two unbiased approaches: a yeast two
hybrid study and identification of proteins associated with cytosolic PLCP in an antibody pull-

down.
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EGFP-PLCp1 expressed n a HEK293 cell

Figure 2.4: eYFP-PLCP1 expressed in a HEK293 cells showing the prominent plasma

membrane and cytosolic populations

2.5 PLCB INHIBITS THE PROMOTER OF RNA-INDUCED SILENCING, C3PO, TO
IMPACT POSTTRANSLATIONAL GENE REGULATION

A search for cytosolic PLCB1 binding partners was first carried out by a yeast two-hybrid study
using the C-terminal region as bait with the idea that an unknown cytosolic partner might activate
PLCP in a similar manner as Gog, and allow the enzyme to modify the PIP; levels in internal
membranes. These studies identified the nuclease TRAX (translin-associated factor X).23 TRAX
is a small helical protein that shuttles between the cytoplasm and nucleus.?* TRAX is always found
complexed with the oligonucleotide binding protein translin in a 6:2 (translin:TRAX) octamer
called C3PO (Component 3 Promoter of the RNA Induced Silencing Complex), and expression of
the two proteins is linked.?S C3PO is found in all cells with similar structure from sponges to
humans (Figure 2.5). The C3PO octamer is a dimer of tetramers with the oligonucleotide binding
site located in a channel between the two hemispheres.?®Single or double stranded
oligonucleotides bind nonspecifically to the translin subunits where they are subsequently
hydrolyzed by the TRAX subunits. PLC was found to bind primarily to the TRAX subunits at a
1:1 (C3PO:PLCP) stoichiometry and a Kq4~8 nM.2*27 PLCB1 binding blocks the release of
product, inhibiting release and C3PO activity.
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Structure of C3PO

Figure 2.5: Structure of human C3PO where translin subunits are in red and TRAX are in

blue PDB Id: 3PJA

While the exact cellular role of C3PO is under debate, there is evidence that C3PO promotes the
activity of the RNA-induced silencing complex, RISC.28 RISC is a ribonucleoprotein complex that
silences gene expression by cleaving and degrading mRNA. Its activity is initiated by the RNase
III enzyme Dicer to process dsRNA into ~22 nucleotide microRNA's (miRNA or miR).?* 3% For
degradation to happen, a guide strand of miRNA acts as a template for a complementary mRNA
passenger strand to bind. With perfect pairing, Argonaute 2 (Ago2) will nick the miRNA passenger
strand and C3PO will help further degrade it, allowing the complementary mRNA to hybridize to
the guide strand. Once this happens, Ago2 will nick the mRNA between the 10th and 11th
nucleotide, causing it to be degraded.3!3? If the guide strand does not match the mRNA perfectly,
the Ago2-mRNA complex will stall and form aggregates, such as stress granules (Figure 2.6).
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Diagram of Ago2 and C3PO’s role in RNA-induced silencing
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Figure 2.6: RNA silencing as a result of cleavage of miRNA by Ago2 and degradation by
C3PO

In general, inhibition of C3PO by PLCP can reverse silencing by exogenously added siRNAs,
although this is not always the case. Part of the selectivity of the oligonucleotides that are silenced
by PLCP is dictated by the relative concentration of the specific miR, the presence of any
competing miRs, and the stability of the miRs. Insight into the conditions that allow PLCP to

impact hydrolysis of specific oligonucleotides can be found in the thermodynamic cycle:33

Kd = 5nM
C3PO + RNA  quummmp  C3PO-RNA

Kd = Kd=
anM l+ PLCR aonml" PLCE

C3PO-PLCE + RNA  ¢mmm=b  C3P0O-RNA-PLCP
Kd = 50nM

This schematic lists the association of RNA to C3PO, of PLCP to C3PO and formation of ternary
complexes where the Kd values are taken from model oligonucleotides.3® The studies show that
miRs that are slowly hydrolyzed (i.e., high melting T, high GC content) and are held in the active
site of C3PO for relatively long times, are subject to inhibition by PLCP. Alternately, less stable
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RNAs whose hydrolysis and product release occur during the off-rate of PLCJ, are unaffected by
PLCP binding.

In cultured neuronal cells under basal conditions, only a minor population of PLCP binds C3PO.
However, when sympathetic neurons from pheochromocytoma of rat adrenal medulla (PC12)
cells, a common model for neuronal cell development (3*), are induced to differentiate, PLCB
increases its association to C3PO, and these complexes diminish as differentiation
ends.3® Surprisingly, loss of either PLCB or C3PO reverses differentiation causing stem cell
markers to be expressed and shifting miR populations to those associated with the differentiated
state (Garwain et al., submitted). These results suggest that small amounts of PLCB-C3PO

complexes are required to maintain the differentiated state.

It is important to stress the dynamics of PLCP in inhibiting RNA-induced silencing. Activation of
Goq shifts PLCB away from C3PO allowing silencing to continue, whereas transfection of
siRNAs, promotes cytosolic localization and reduces calcium signals (Figure 2.7 3¢). Thus, PLCB

is in dynamic equilibrium between these two partners.

Figure 2.7: Cartoon showing the exchange of the PM and cytosolic populations of PLCp

2.6 PLCB IMPACTS STRESS GRANULE ASSEMBLY
While the functional significance of PLCB-C3PO association is traced to shifting miR populations
to establish and maintain neuronal differentiation, under basal conditions, only a minor population

of PLCP associates with C3PO suggesting that PLCP may have additional roles. To identify
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additional functions, we set out to identify additional binding partners. To this end, we isolated the
cytosolic fractions of both undifferentiated PC12 cells and A10 cells (smooth muscle cell line
derived from thoracic aorta of rats) and pulled-down PLCP with a monoclonal antibody to identify
the bound proteins by mass spectrometry. Surprisingly, we find that approximately one third of

the bound proteins are classified as stress granule proteins.3’

Stress granules are membraneless aggregates of stalled mRNA that prioritize protein synthesis
until the stress is relieved.’® Cells try to alleviate environmental stressors such as a change in
osmotic pressure, heat, or oxidative stress by localizing untranscribed miRs into compact
granules.3® 3 These granules do not have an encapsulating membrane or envelope, and are
effective in partitioning themselves from the cytosol and other organelles in a liquid-like state.
Stress granules give the cell an opportunity to sort mRNAs and decide whether they should be
degraded, stored, or translated.?® 4? It is important to note that assembly and disassembly of stress
granules are vital to healthy neuronal function and plasticity, and the inability to disassemble has

been associated with some types of neurological diseases.*!

Stress granules are mainly composed of untranslated mRNA, but also include proteins such as
Argonaute 2 (Ago2), polyadenylate binding protein 1 (PABPC1), fragile X mental retardation
proteins 1 and 2 (FXR1/2), Ras, GTPase activating protein-binding Protein 1 (G3BP1), and
multiple eukaryotic translation initiation factors.*!#* We find that all of these proteins are bound
to cytosolic PLCB1.37 Furthermore, stress granules are independent of P bodies (processing
bodies), which are similar membraneless aggregates that traditionally do not contain translation

initiation factors and only store degraded mRNA. 44

Our studies show that reducing cytosolic levels of PLCB1 by downregulation or by activating Goq
to drive PLCP to the membrane, increases the formation of stress granules containing Ago2,
PABPC1 and G3BP1 in several types of cultured cells (Figure 2.8%7). These observations suggest
that the binding of PLCP to stress granule proteins helps to prevent their aggregation.*s The
composition of the stress granules formed by the loss of cytosolic PLCP and the identities of the

transcripts contained are under investigation.
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Cartoon showing how Goq activation
releases stress granule proteins from PLCf

J Neurotransmitter

Figure 2.8: Model of PLCB1's dynamic exchange between G proteins on the plasma

membrane and stress granules

2.7 MODEL FOR THE ROLE OF CYTOSOLIC PLCP

When PLCP1 is bound to C3PO, many small, interfering RNAs (siRNAs) fail to downregulate
protein expression. C3PO competes with Gaq for the same binding site on PLCB1,% so it is
believed that the role of PLCPI is split between the plasma membrane, when binding with Gagq,
or the cytosol when interacting with C3PO or stress granule proteins. Thus, PLCB1 binding to Gaq
reverses its inhibition of C3PO while binding to C3PO inhibits calcium signaling through Gaq
activation.® The need to shuttle PLCB1 between the cytosol and plasma membrane depends on the
concentration of these proteins within the cell and these processes are especially important to

understand since they may impact key events, such as PC12 cell differentiation.

Another surprising, but more limited function of PLCP is to inhibit CDK16, which is a neuronal
and testis-specific cyclin-dependent kinase that inhibits an inhibitor of proliferation,
p27kip.#6-47 At the onset of PC12 cell differentiation, expression of PLCBI increases several-

fold.33 Besides binding to C3PO to promote differentiation, this bolus of PLCP also binds to
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CDK16 to inhibit proliferation.#® The mechanism of inhibition is not clear. Based on testing of
several cell lines, it appears that the ability of PLCPB1 to impact proliferation is limited to neuronal

cells where CDK 16 is expressed.

2.8 CONTROLLING THE TRANSITION OF PLCB'S PLASMA MEMBRANE VERSUS
CYTOSOLIC FUNCTION

Transition between PLCP's two functions, that is, G protein/Ca’’ signaling on the plasma
membrane versus inhibition of RNA-induced silencing in the cytosol, is primarily controlled by
the activation of Gaq, which may override all of PLCP's cytosolic functions. However, switching

between these functions is subject to other cellular factors.

2.8.1 Control Gag/GPCR localization

The localization of Gaq/GPCR will affect the localization of the plasma membrane population of
PLCp that exchanges with the cytosolic population. Several studies have shown that GPCRs are
not homogeneous on the plasma membrane but can sequester in distinct areas, and the factors that
control localization are numerous. First, it has been found that the shape of the cell regulates
GPCR/Gogq localization affecting both signal transduction processes within the cell and second
messenger dynamics between the plasma membrane (PM) and the endoplasmic reticulum.*® An
example of differences in calcium release in the body and neurons of PC12 cells is shown in
Figure °. Localization patterns may play important roles in cells with varied morphologies such as
neurons and podocytes. It is notable that in neurons GPCRs play an important role in presynaptic
and postsynaptic signaling leading to their necessity to be localized all along the cell not just
located within the synaptic cleft.!® These findings lead to the interesting idea that localization of
the receptors and their attached G proteins on tips and protrusions of cells may help sequester

PLCP from C3PO and stress granule proteins eliminating PLCP's cytosolic function.
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Comparison of calcium release in the cell body and
Dendrites upon Ga activation
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Figure 2.9: Differences in calcium signals in the dendrites versus the cell body of PC12 cells

upon acetylcholine stimulation, from Garwain and Scarlata, unpublished

2.8.2 Stabilization of Goq

The most stable and well-characterized microdomains on the plasma membrane are caveolae, and
it has been shown that the presence of caveolae has profound effects on Gag/PLCPB
signaling.3® Caveolae are protein dense invaginations on the plasma membrane. Structurally,
caveolae are composed of caveolin-1 (Cavl) and/or caveolin-3 (Cav-3) where Cav-3 is muscle
specific along with other proteins.>!-52 Caveolin molecules only penetrate the inner leaflet in a “U”
shape, and aggregation of ~140 of these proteins results in the invaginations that are a hallmark of

these domains.33 %4

Several signaling complexes localize to caveolae leading to the idea that caveolae helps sequester
and organize functionally related proteins.* 5557 Our lab has found that Cav-1 or -3 specifically
binds Gogq and their affinity increases when Goq is activated.® The stabilization of activated Gaq
by Cavl1/3, coupled with release of GPy from caveolae domains during the activation cycle, has
the net effect of prolonging PLCP activation and increasing the extent and duration of
Ca?" responses.™ The interaction between Cav1/3 not only localizes Gagq to caveolae domains, but
also in turn allows Gaq to scaffold its associated GPCRs leading to a localized and potentially

synergistic response.®?
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Caveolae are prominent in smooth muscle cells and provide mechanical strength by flattening
during stretch to provide more membrane area.®!" % We have found that the flattening of these
domains by mechanical stretch or hypo-osmotic conditions eliminates stabilization of activated
Gagq by caveolin molecules reducing Ca?* signals.%3 ¢4 Additionally, osmotic stress reduces the
cytosolic level of PLCP eliminating its cytosolic function.3” Thus, caveolae have the potential to
regulate the cytosolic versus plasma membrane functions of PLCP by modulating the localization

of Gaq and the duration of its activated state (Figure 2.10).

Cartoon showing localization of Gaq 1n a caveola

PLCB-Gaq &

PLCB cytosolic
partners

Figure 2. 10: Model depicting localization of PLCP (blue), and Gaq (light gray) and their
corresponding GPCRs (dark gray) in caveolae where caveolin molecules are in red. GPCRs

coupled to other G proteins are in red and yellow

2.9 PREDICTING THE IMPACT OF Goq/PLCB ACTIVATION ON CALCIUM
SIGNALS VERSUS PROTEIN TRANSLATION

Being able to delineate the factors that regulate the localization and activation of Gagq is a first step
in predicting the ability of PLCP to generate calcium responses or modulating protein translation.
While present day methods are moving toward accurate quantification of the molecular identities,
quantities and localization of proteins in cells, these values can only be estimated. Nevertheless,
we can formulate a thermodynamic analysis that should be applicable in predicting the regulation

of multifunctional proteins.
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2.10 FUNCTIONAL SWITCHING OF PROTEINS

PLCp is an example of a protein that has multiple cellular functions that switch upon activation,
growth, differentiation, or other cellular events. Functional switching involves three key factors:
(a) Changes in the local concentration of protein and its relative partners; (b) Changes in relative
affinities; and (c) Changes in the concentration and relative affinities of extraneous but competing

proteins.

The most simple analysis assumes that the observed PLCP function stems from the relative plasma
membrane versus cytosolic concentrations resulting from two competing bimolecular associations;
one that impacts Ca”* signals and one that impacts protein translation (PT). The key feature for
PLCB, and possibly other systems, is that simultaneous binding of Gaq and C3PO does not occur

(PLCP's interaction region with other cytosolic partners has not yet been determined).

The equilibria of PLC's function (Kr), can be considered as the ratio of the concentration of PLC[
bound to Gaq (PLCB-Gaq) versus C3PO and other cytosolic partners (PLCB-CP).

Kf=[PLCB-Gaq]/[PLCS-CP]

Where these complexes are described by the dissociation constants associated with PLCP's calcium

function (Kd[f-Ca2+]) or PLCP's cytosolic function (Kd[f-CP]):

PLCB+Gaq=PLCB-Gaq;Kd(f-Ca2+)=([PLCLT*[Gaq])/[PLCB-Gaq]

PLCS+CP=PLCp-CPKd(f-CP)=([PLCB]*[CP])/[PLCSB-CP]

Substituting and rearranging gives:

Kf=[Gaq]*Kd(f-Ca2+)/[CP]*Kd(f-CP)

39



40

The above expression shows that the observed function of PLCP is surprisingly independent of
concentration and only dependent of the relative cellular concentration of the competing partners.
The dissociation constants for the PLCB-Goq (both in its inactivated and activated states)
complexes and the complexes formed between PLCP and C3PO and/or the putative stress granule
binding partner eukaryotic initiation factor S5A, have been measured using purified
proteins.* 2337 More relevant dissociation constants can be obtained using cell extracts that will
allow for quantification of the dissociated species and their complexes. We know that the binding
of C3PO to PLCBI is stronger than Gaq(GDP) but weaker than Gaq(GTP), and these differences
are within a 10-fold range allowing cells to switch PLCP functions as needed depending on cellular

circumstances. These expressions are regulated by three major factors.

2.11 THE LOCAL CONCENTRATION OF PROTEIN AND ITS RELATIVE
PARTNERS; EFFECTS OF COMPARTMENTALIZATION

Cell compartmentalization allows cells to sequester components to promote some interactions
while preventing others. For the case of PLCP, compartmentalization takes the form of
concentrating PLCP's main partner, Gaq on the PM surface. PLCP association with Gaq in this
compartment is regulated by its intrinsic membrane binding, which enhances its association with

Gaq by a reduction of dimensionality.
PLCpB(cytosol)=PLCB(PM)PLCBcytosol=PLCBPM
PLCB(PM)+Gaq=PLCp -Gaq(PM)PLCBPM+Gaq=PLCB-GaqPM
The concentrating effect of the plasma membrane has been previously treated4 by considering that
membrane-bound proteins are confined in a reduced volume (v) in relation to the bulk volume
(Vb). The relationship between the amount of protein bound to a membrane, [P]membrane) to its
unbound concentration in the bulk [P]pui) effect can be expressed

[P](membrane)=[P](bulk)*(Vb/v)Pmembrane=Pbulk*Vb/v

v=4nr2dv=4nr2d
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where v is the reduced volume of a spherical membrane with a known radius (7) and diameter (d).

The apparent dissociation constant will be reduced by:

Kd=(Vb/v)KappKd=Vb/vKapp

This equation quantifies the increased affinity of two membrane-bound proteins versus their
association in bulk solution and can be readily modified to a single membrane-bound species or
multiple membrane associations. Analysis for proteins reconstituted on lipid vesicles is
straightforward but more challenging for cellular systems because of uncertainty in the membrane
surface area that the protein is confined; that is, proteins might diffuse in a limited surface area
due to protein barriers, be confined to a domain such as caveolae, and/or a combination of the two.
While these parameters are important for integral membrane proteins such as GPCRs, peripheral
membrane proteins such as PLCP undergo dissociation and reassociation events as dictated by
their partition coefficients. Gag, which is stably bound to the membrane by two palmitoyl
groups®® and bound to GPCR, has much more stable binding. Despite these complications, single
molecule measurements may be used to estimate the amount of protein per surface area and the

impact of plasma membrane partitioning on protein affinities.

In the case of Gaq/PLCP association in cells, it is not clear whether the observed plasma membrane
population is bound to membrane or Gaq. While PLCP partitions to model bilayers with the
partition coefficient, Kp ~1-10 pM* the amount of lipid available for binding is unclear. Thus, it
is likely that the plasma membrane population PLCP is complexed to Gaq in both its deactivated
and activated, and this is supported by FRET studies.®6

2.12 CHANGES IN RELATIVE AFFINITIES

All cellular events can be traced to changes in protein association due to changes in affinity. These
changes in affinity can be brought about by the binding of ligands to extracellular or intracellular
targets, phosphorylation/dephosphorylation, ATP hydrolysis, and so forth. For the Gag/PLCJ
pathway, activation of Gaq increases its affinity for PLCP 20-fold,4 which is stronger than the
affinity measured for PLCP /C3PO,23 and possibly the affinities with other cytosolic proteins.
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Notably, the cumulative affinities of these cytosolic proteins may not completely compete with
activated Gaq. Thus, the net effect of Gaq activation is to shift cytosolic populations of PLC to
the membrane surface and away from cytosolic partners. Additionally, because Gaq resides on the

quasi two-dimensional surface of a membrane, increase in affinity is enhanced.

Measuring affinities of proteins is difficult in intact cells and changes in affinities are taken from
data using purified proteins, but it is assumed that the magnitude of the changes in affinity seen in
solution occur in cells. Besides affinities, it is important to estimate the local concentrations of the
associating proteins, which depend on the number of molecules, the compartmentalization and
competing proteins (see below). One method to estimate relative affinities is by measuring the loss
in FRET between two labeled proteins as known amounts of competitors using fluorescent-tagged
proteins. These estimates are certain to become more quantitative as more sophisticated methods

are available.

2.13 CONCENTRATION AND RELATIVE AFFINITIES OF EXTRANEOUS,
COMPETING PROTEINS

The least known variable in predicting exchange of protein partners in the complex milieu of the
cell is the presence of competing proteins. Some of these interactions may have unclear functional
relevance. It is likely that many of these interactions Here, we discuss several types of competing

associations that might simplify analysis when predicting the switching of bifunctional proteins.

2.13.1 The presence of multiple isoforms of a given enzyme localized in the same compartment
Some cells express multiple isoforms of a protein that localize in similar compartments which,
because of slightly varying affinities and activation profiles, allow cells to fine-tune responses.
This is certainly the case for PLCP where many cells express several isoforms at varying levels.
Solution studies show that PLCB1-3 bind to Gaq within an order of magnitude.4 Additionally, all
bind to GPy subunits but their activation profiles are very different; PLCPI is not activated by GPy
while PLCPB2-3 are activated 2—10-fold.
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When considering multiple isoforms of a protein and the affinities between the partners involved
in the switching are not large, it is easiest to consider the isoforms as a single species that has a
range of dissociation constants.

2.13.2 Competitors whose binding overlaps a primary binding site

If a competitive protein binds to a partner, there would be less of the partner available for binding

and functional switching. The impact will depend on its affinity and local concentration.

We can estimate these effects:

For the association of A and B: A+B=AB

K(AB) =[ABJ/([A] * [B])

If competitor C binds to B: C+B=CB

K(CB) = [BCI/([C]* [B])

Substituting and rearranging gives:

K(AB)/K(CB) = ([ABJ/[A]) * ([BCY/[C])

Thus, in order for a reaction of weaker affinity to affect the primary reaction, the local

concentration must compensate for the lower affinity.

2.13.3 Competitors whose binding only partially overlap the binding site

Many proteins have multiple binding sites that include the binding of other proteins, such as those
discussed above, or allow partial exposure of the binding site. The degree of exposure will shift
the impact from negligible for a small degree of occlusion to the equations above for complete

exclusion.
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2.14 CONCLUSIONS AND TAKE-HOME LESSONS

PLCp is an example of a protein that has evolved to perform multiple functions in cells. These
interdependent functions allow cells to respond in multiple and complementary ways to
extracellular sensory information, that is, through pathways that involve calcium fluxes and
through changes in the translation of different proteins. While the primary calcium function has

been well characterized, PLCP's secondary functions are just beginning to be uncovered.

Multifunctional proteins switch between various cellular roles through changes in protein
associations. These changes may be brought about by chemical modifications, such as
phosphorylation, or local changes in concentration of a protein partner through the appearance of
an activated cofactor or changes in compartmentalization. Although we are still far from accurate
quantitation of the factors that allow functional switching in living cells and tissue, we have begun

to formulate analysis from when they become available.
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3.0 ABSTRACT

During adverse conditions, mammalian cells regulate protein production by sequestering the
translational machinery in membrane-less organelles known as stress granules. Here, we found
that activation of the G protein subunit Gogq promoted the formation of particles that contained
stress granule proteins through a mechanism linked to the presence of phospholipase Cf1 (PLCPB1)
in the cytosol. In experiments with PC12 and A 10 cells, we showed that under basal conditions,
cytosolic PLCB1 bound to stress granule-associated proteins, including PABPCI, eIF5A, and
Ago2. Knockdown of cytosolic PLCB1 with siRNA or promoting its relocalization to the plasma
membrane by activating Gog resulted in the formation of particles containing the stress granule
markers, PABPC1, G3BP1, and Ago2. Our studies showed that the composition of these particles
resemble those formed under osmotic stress and are distinct from those formed by other stresses.
Our results fit a simple thermodynamic model in which cytosolic PLCB1 solubilizes stress granule
proteins such that its movement to activated Goq releases these particles to enable the formation
of stress granules. Together, our data are suggestive of a link between Gog-coupled signals and

protein translation through stress granule formation.
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3.1 INTRODUCTION

When cells are subjected to environmental stresses, they halt the production of many housekeeping
proteins to preserve resources for the synthesis of proteins that will help the cell alleviate the
particular stress. These stalled translation complexes, called stress granules, are thought to act as
triage sites that protect non translated mRNAs from degradation until the stress is removed, while
enabling the synthesis of other proteins (/, 2). Stress granules are distinct from processing bodies
(P-bodies) that store and process mRNA, although these have also been observed under nonstress
conditions. Depending on the cellular conditions, the mRNA held in these stalled complexes may
be degraded, translated, or stored until needed. Additionally, studies in yeast subjected to hypo-
osmotic stress found that P-bodies and stress granules may form hybrid structures (3), although
this behavior has not yet been observed in higher eukaryotes. Physically, stress granules are phase-
separated domains composed of nontranslating mRNAs, translation initiation complexes, poly
(A)-binding protein, and many additional mRNA-related proteins (4). They consist of a packed
core with loosely associated peripheral proteins (5). Stress granules appear when cells are
subjected to environmental conditions such as cold- or heat-shock, exposure to toxic molecules,
oxidative stress, hypo- or hyper-osmolarity, UV irradiation, or nutrient deprivation. The molecular
mechanisms that transduce these different stresses into the cellular interior remain largely
unresolved. Although stress granules appear in many types of cells, we focused here on those that
form in mammalian cells. Stress granules have been implicated in the pathogenesis of various
diseases, such as cancer, neurodegeneration, and viral infections (/, 6). Many stress granule
proteins contain disordered regions, which play important roles in the liquid-like nature of stress
granules. Neuronal cells, in particular, contain many proteins with disordered regions, and so it is
not surprising that some neurological diseases (for example, amyotrophic lateral sclerosis) have
been attributed to the abnormal stability of stress granules (7). Thus, it is important that cells have
mechanisms to prevent the premature formation of stress granules, as well as to ensure their

reversible assembly and disassembly.

Whereas stress granules primarily contain proteins associated with translation, note that argonaute
2 (Ago2) can be found in these regions (&). Ago2 is the main nuclease component of the RNA-
induced silencing complex (RISC) (9). Ago2 binds to small interfering RNAs (siRNAs) in their

double-stranded form and holds the guide strand after the passenger strand is degraded to enable
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hybridization with a target mRNA. If pairing between the passenger strand and the mRNA is
perfect, as is the case with exogenous siRNAs, then Ago2 will undergo conformational changes
that result in mRNA degradation. Alternatively, if pairing is imperfect, as is frequently the case
for endogenous microRNAs (miRNAs), the conformational changes that enable Ago2 nuclease
activity do not occur, which results in the formation of a stalled complex (/0). Thus, the formation
and stability of these stalled complexes and their incorporation into stress granules alter protein
populations, which may modify downstream protein-protein interactions that may ultimately

change the properties of the cell.

The mechanisms through which environmental changes are transduced into the cell to promote
stress granule formation are unclear and are likely to differ with different types of stress. Here, we
showed that extracellular signals can affect stress granule formation through heterotrimeric
guanine nucleotide—binding proteins (G proteins) to stall protein translation. Signaling through G
proteins is initiated when external ligands bind to their target G protein—coupled receptors
(GPCRs), which activates intracellular Ga subunits. The Gag family of G proteins is activated by
GPCRs for agents such as acetylcholine, dopamine, bradykinin, serotonin, and histamine (77, 12).
Activated Goq in turn activates phospholipase Cp (PLCp), which catalyzes the hydrolysis of the
signaling lipid phosphatidylinositol-4, 5-bisphosphate, which eventually results in an increase in
intracellular calcium (Ca®") signaling. There are four known members of the PLCB family differ
in their tissue distribution and their ability to be activated by G proteins (/2). Here, we focused on
PLCB1, which is the isoform most highly activated by Gaq and is prominent in neuronal tissue.
Whereas the major population of PLCP1 lies at the plasma membrane, where it binds to Gog and
accesses its substrate, PLCP1 is also found in the cytosol in every cell type examined and under

different conditions (/3, 14).

We previously found that cytosolic PLCB1 binds to C3PO, the promoter of RNA-induced
silencing, and showed that this binding can reverse the RNA-induced silencing of specific genes
(14, 15). The association between these two proteins occurs in the same region through which Gayq
binds to PLCB1 and is upstream of the active site. Thus, although the catalytic activity of PLCP1
is not affected by the binding of C3PO, its ability to be activated by Goyq is eliminated. Subsequent
studies showed that the association between PLCPl and C3PO is critical for PC12 cell
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differentiation (16, 17); however, little or no association is seen in nondifferentiating cells, leading
to the question of whether cytosolic PLCB1 has other binding partners. We also found that PLCB1
binds to and inhibits a neuronal-specific enzyme required for cellular proliferation, CDK16 (78,
19), and that this association enables cells to cease proliferation and transition into a differentiated
state (/7). Again, this association is confined to a specific event that drives neuronal cells out of
stemness, and suggests that under nonproliferating, nondifferentiating conditions, cytosolic PLCp1
serves some other function. Here, we showed that a major population of cytosolic PLCB1 was
bound to stress granule—associated proteins and that this binding prevented premature stress
granule formation. Removal of PLCB1 from the cytoplasm in response to stress or by Gog-
mediated stimulation promoted stress particle assembly. The interaction between PLCB1 and stress
granule proteins suggests a previously uncharacterized feedback mechanism between the external

environment and the protein translation machinery.

3.2 MATERIALS AND METHODS

3.2.1 Cell Culture

Rat phenochromocytoma (PC12) and rat aortic smooth muscle (A10) cells were obtained from
ATCC. Wistar-Kyoto rat 3M22 (WKO-3M22) cells, originally obtained from ATCC, were a
generous gift from M. Rolle (Department. of Biomedical Engineering, Worcester Polytechnic
Institute). PC12 cells were cultured in high-glucose DMEM (GIBCO) with 10% heat-inactivated
horse serum (GIBCO) and 5% fetal bovine serum (FBS, Atlanta Biologicals). A10 cell lines were
cultured in high-glucose DMEM with 10% FBS and 1% sodium pyruvate. WKY-3M22 cell lines
were cultured in high-glucose DMEM (Corning) without L-glutamine with 10% FBS, 1% sodium
pyruvate, 1% non-essential amino acids (VWR), and 1% L-glutamine (VWR). All cells were
incubated at 37°C in 5% COx. Cells were synchronized in the G2/M phase as described previously
(17). Briefly, 2 mM thymidine was added to the cells for 24 hours, after which the medium was
removed and replaced by fresh complete culture medium for 8 hours, which was followed by the

addition of nocodazole (40 ng/ml).

3.2.2 Plasmids
The EGFP-hArgonaute-2 (eGFP-Ago2) plasmid was purchased from (Addgene plasmid # 21981)
and was prepared in the laboratory of Philip Sharp (MIT). The mCherry-Ago?2 plasmid was a gift
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from Alissa Weaver (Vanderbilt University). EGFP-G3BP1 was purchased from Addgene
(plasmid # 119950) and was prepared in the laboratory of Jeffrey Chao (Friedrich Miescher
Institute). The mCherry-TRAX-C1 plasmid was constructed by inserting the cDNA encoding
TRAX between the Bam HI and Eco Rl restriction sites in the mCherry-C1 backbone with T4 DNA
ligase (NEB). Cell transfections with plasmids and siRNAs were performed with Lipofectamine
3000 (Invitrogen) in antibiotic-free medium. The culture medium was changed to one containing
antibiotic (1% Penicillin/Streptomycin) 12 to 18 hours after transfection. For every FLIM
experiment, two separate samples were prepared: donor alone and donor in the presence of

acceptor.

3.2.3 Co-immunoprecipitations

PC12 cells were lysed in buffer containing 1% Triton X-100, 0.1% SDS, 1x protease inhibitor
cocktail, and 10 mM Tris (pH 7.4), after which 200 pg of soluble protein was incubated with 2 pl
of anti-PLCP1 or anti-Ago2 antibody overnight at 4°C. After the addition of 20 mg of protein A-
Sepharose 4B beads (Invitrogen), the mixture was gently rotated for 4 hours at 4°C. Beads were
washed three times with lysis buffer, and bound proteins were eluted with sample buffer for 5 min
at 95°C. Precipitated proteins were loaded onto two 10% polyacrylamide gels. After SDS-PAGE,
one gel was transferred to nitrocellulose membranes and proteins were detected by Western
blotting analysis with anti-PLCB1 (D-8, Santa Cruz) and anti-Ago2 (Abcam ab32381 Lot#
GR3195666-1) antibodies.

3.2.4 Application of stress conditions

For hypo-osmotic stress conditions, the culture medium was diluted with 50% water for 5 min
before it was removed and replaced with Hanks’ Balanced Salt Solution (HBSS) for imaging. For
the arsenite treatment, a stock solution of 100 mM arsenite in water was prepared. Cells were
exposed to a final concentration of 0.5 mM arsenite for 10 min before the medium was removed
and replaced by HBSS for imaging. For heat shock conditions, cells were incubated at 40°C for 1
hour, whereas for cold-shock, cells were incubated at 12°C for 1 hour. For the oxidative stress
treatment, a stock solution of 1 M CoCl, was prepared, and the cells were exposed to a final

concentration of 1 mM CoCl, for 12 to 16 hours (overnight) at 37°C before the medium was
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removed. Treatment of both PC12 cells and WKO-3M22 cells with puromycin (20 pg/l) was
performed for 30 min at 37°C.

3.2.5 FRET studies between purified PLCB1 and elF5A

PLCPB1 was purified by over-expression in HEK293 cells as previously described (29). Purification
of elF5A was performed as described previously (27). Purified eIF5A in a pET28-mhl vector was
expressed in bacteria (Rosetta 2 DE3 plysS) by inoculating 100 ml of an overnight culture grown
in Luria-Bertani medium into 2 L of Terrific Broth medium in the presence of kanamycin (50
pg/ml) and chloramphenicol (25 pg/ml) at 37°C. When the culture reached an optical density at
600 nm (OD 600) of ~3.0, the temperature of the medium was reduced to 15°C and the culture
was treated with 0.5 mM IPTG to induce protein production. The cells were allowed to grow
overnight before they were harvested and stored at -80°C. Frozen cells from 1.8 L of TB culture
were thawed, resuspended in 150 ml of lysis buffer [20 mM HEPES (pH 7.5), 300 mM NaCl, 5%
glycerol, 2 mM B-mercaptoethanol (BME), 5 mM imidazole, 0.5% CHAPS, protease inhibitor
cocktail, and 5 pl of DNAase), and lysed with a panda homogenizer. The lysate was centrifuged
at 30,000g for 45 min, added to a cobalt column in binding buffer [20 mM HEPES (pH 7.5), 300
mM NaCl, 5% glycerol, 2 mM BME, 5 mM imidazole], and equilibrated in 4 x 1 mL of a 50%
slurry of cobalt resin. We passed 150 ml of supernatant through each cobalt column at
approximately 0.5 ml/min, washed first with 20 mM HEPES (pH 7.5), 300 mM NaCl, 5% glycerol,
2 mM BME, 30 mM imidazole, and second with 20 mM HEPES (pH 7.5), 300 mM NaCl, 5%
glycerol, 2 mM BME, 75 mM imidazole, and eluted with 20 mM HEPES (pH 7.5), 300 mM NacCl,
5% glycerol, 2 mM BME, 300 mM imidazole. Protein-protein associations were assessed by FRET
using sensitized emission. Briefly, PLCB1a and eIF5A were covalently labeled on their N-termini
with Alexa Fluor 488 and Alexa Fluor 594 (Invitrogen), respectively, and the increase in acceptor
emission when the samples were excited at the donor wavelength in the presence of Alexa Fluor
488—-PLCP1 was measured. Studies were repeated by pre-binding catalytically inactive C3PO with
Alexa Fluor 488—PLCp1.

3.2.6 MS analysis
MS measurements were performed at the University of Massachusetts Medical School as

previously described (66). Cytosolic fractions were isolated from cells, and proteins that bound to
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monoclonal anti-PLCB1a antibody (Santa Cruz, D-8) were separated by electrophoresis. Protein
bands were isolated by cutting the gels into 1x1-mm pieces, which were placed in 1.5-ml eppendorf
tubes with 1 ml of water for 30 min. The water was removed, and 200 pl of 250 mM ammonium
bicarbonate were added. Disulfide bonds were reduced by incubation with DTT at 50°C for 30
min, which was followed by the addition of 20 pl of 100 mM iodoacetamide for 30 min at room
temperature. The gel slices were washed twice with 1-ml water aliquots. The water was then
removed, 1 ml of 50:50 50 mM ammonium bicarbonate:acetonitrile was placed in each tube, and
the samples were incubated at room temperature for 1 hour. The solution was then removed and
200 ul of acetonitrile was added to each tube, at which point the gel slices turned white and became
opaque. The acetonitrile was removed, and the gel slices were further dried in a Speed Vac (Savant
Instruments, Inc.). Gel slices were rehydrated in 100 pl of sequencing-grade trypsin (4 ng/ul,
Sigma) in 0.01% ProteaseMAX Surfactant (Promega): 50 mM ammonium bicarbonate. Additional
bicarbonate buffer was added to ensure complete submersion of the gel slices. Samples were
incubated at 37°C for 18 hours. The supernatant of each sample was then removed and placed into
a separate 1.5-ml eppendorf tube. Gel slices were further extracted with 200 pl of 80:20
acetonitrile:1% formic acid. The extracts were combined with the supernatants of each sample.
The samples were then completely dried down in a Speed Vac. Tryptic peptide digests were
reconstituted in 25 pl of 5% acetonitrile containing 0.1% (v/v) trifluoroacetic acid and separated
on a NanoAcquity (Waters) UPLC. Briefly, a 2.5-pul injection was loaded in 5% acetonitrile
containing 0.1% formic acid at 4.0 pul/min for 4.0 min onto a 100-um inner diameter (1.D.) fused-
silica pre-column packed with 2 cm of 5-um (200 A) Magic C18AQ (Bruker-Michrom) and eluted
with a gradient at 300 nl/min onto a 75-um L.D. analytical column packed with 25 cm® of 3-um
(100 A) Magic C18AQ particles to a gravity-pulled tip. The solvents used were solvent A [water
(0.1% formic acid)] and solvent B [acetonitrile (0.1% formic acid)]. A linear gradient was
developed from 5% solvent A to 35% solvent B in 90 min. Ions were introduced by positive
electrospray ionization through a liquid junction into a Q Exactive hybrid mass spectrometer
(Thermo). Mass spectra were acquired over m/z 300 to 1750 at 70,000 resolution (m/z 200) and
data-dependent acquisition selected the top 10 most abundant precursor ions for tandem mass
spectrometry by HCD fragmentation using an isolation width of 1.6 Da, a collision energy of 27,
and a resolution of 17,500. Raw data files were peak-processed with Proteome Discoverer software

(version 2.1, Thermo) before undergoing database searching with Mascot Server (version 2.5)
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against the Uniprot Rat database. Search parameters included trypsin specificity with two missed
cleavages or no enzymatic specificity. The variable modifications of oxidized methionine,
pyroglutamic acid for N-terminal glutamine, phosphorylation of serine and threonine, N-terminal
acetylation of the protein, and a fixed modification for carbamidomethyl cysteine were considered.
The mass tolerances were 10 ppm for the precursor and 0.05 Da for the fragments. Search results
were then loaded into the Scaffold Viewer (Proteome Software, Inc.) for peptide/protein validation
and label-free quantitation. These data were analyzed using percentage of total spectra in Scaffold4

software before plotting with Sigma Plot 14.

3.2.7 N&B measurements

N&B theory and measurement were fully described previously (36). Experimentally, we collected
~100 cell images in which we viewed either free eGFP (control) or eGFP-Ago2 at a 66 nm/pixel
resolution and at a rate of 4 us/pixel. Regions of interest (256x256 box) were analyzed from a
320x320 pixel image. Offset and noise were determined from the histograms of the dark counts
performed every two measurements. N&B data were analyzed with SimFC software

(www.lfd.uci.edu).

3.2.8 N&B analysis

N&B defines the number of photons associated with a diffusing species by analyzing the variation
of the fluorescence intensity in each pixel in the cell image. In this analysis, the apparent
brightness, B, in each pixel is defined as the ratio of the variance, o, over the average fluorescence

intensity <k>:

B = 02/<k>.
and

<k>= en

where n is the number of fluorophores. The determination of the variance in each pixel is obtained
by rescanning the cell image ~100 times as described earlier. The average fluorescence intensity,
<k>, is directly related to the molecular brightness, €, in units of photons per second per molecule,

and n. B can also be expressed as:
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B=¢€e¢+1

The apparent number of molecules, N, is defined as:

N=en/(e+1)

3.2.9 Fluorescence lifetime imaging measurements (FLIM)

FLIM measurements were performed on the dual-channel confocal fast FLIM (Alba version 5, ISS
Inc.) equipped with photomultipliers and a Nikon Eclipse Ti-U inverted microscope. A 60x Plan
Apo (1.2 NA, water immersion) objective and a mode-locked, two-photon titanium-sapphire laser
(Tsunami; Spectra-Physics) were used in this study. The lifetime of the laser was calibrated each
time before experiments by measuring the lifetime of Atto 435 in water with a lifetime of 3.61 ns
(Ref) at 80, 160, and 240 MHz. The samples were excited at 800/850 nm, and emission spectra
were collected through a 525/50 bandpass filter. For each measurement, the data were acquired

until the photon count was >300. Fluorescence lifetimes were calculated by allowing © = 80 MHz:

_ S
T_G*Zn*a)

3.2.10 Statistical analysis
Data were analyzed with the Sigma Plot 13 statistical packages, which included the student’s ¢ test

and one-way analysis of variance (ANOVA).

3.2.11 Dynamic light scattering (DLS)

DLS measurements were performed on a Malvern Panalytical Zetasizer Nano ZS instrument. For
these experiments, mRNA from PC12 cells was extracted with the Qiagen Mini Kit (Cat #: 74104)
according to the manufacturer’s instructions. Before the mRNA was extracted, the cells were
exposed to stress, treated with siRNA(PLCPla), or transfected with plasmid expressing
constitutively active GagRC (67). For these measurements, approximately 50 pl of extracted

mRNA in RNase-free water was added in a Hellma Fluorescence Quartz Cuvette (QS-3.00mm).
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Each sample was run three times for 10 min per run. Control samples were repeated six times, the

PLCP knockdown sample twice, and the Goq over-expression sample once.

3.2.12 Particle analysis

Samples were imaged with a 100X/1.49 oil TIRF objective to microscopically count the number
of particles per pm? formed under different conditions. For each condition, 10 to 20 cells were
randomly selected, and z-stack measurements were taken (1.0 pm/frame). Analysis was performed
with ImageJ and Fiji Image] software in two ways. First, each measurement was thresholded
before analyzing, and the number of particles per frame per measurement was averaged. Second,
all z-stack measurements were combined to generate a 3D image for each sample before analyzing
the number of particles per sample and averaging the results. Both methods produced identical

results.

3.2.13 Microinjection studies
Microinjection of a solution of 100 nM elF5A into PC12 cells was performed with an Eppendorf
Femtojet Microinjector mounted on Nikon Eclipse Ti-U inverted confocal microscope under 0.35

PSI pressure and 0.5 s per injection.

3.2.14 Immunofluorescence

Cells were fixed with 3.7% formaldehyde, permeabilized with 0.1% triton X-100 in PBS, and then
blocked with 10% goat serum, 5% BSA, 50 mM glycine in PBS. Cells were then stained with the
appropriate primary antibodies (Abcam), incubated for 1 hour, washed, and treated with a
secondary antibody for 1 hour. After another wash, the cells were viewed on a Zeiss Meta 510
laser confocal microscope. Data were analyzed with Zeiss LSM software and Image J. The
secondary antibodies used were Alexa Fluor 488—conjugated anti-rabbit antibody for Ago-2 and

Alexa Fluor 647—conjugated anti-mouse antibody for PABPC1.

3.2.15 Ca*" signal imaging
Single-cell Ca®" measurements were performed by labeling the cells with Calcium Green
(Thermofisher), incubating the cells in HBSS for 45 min, and then washing the cells twice with

HBSS. The release of intracellular Ca*" in live PC12 cells was initiated by the addition of 2 uM
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carbachol before imaging the time series on a Zeiss LSM 510 confocal microscope with excitation

at 488 nm using the time series mode as previously described (68).

3.2.16 Western blotting analysis

Samples were placed in 6-well plates and collected in 250 pl of lysis buffer, which included NP-
40 and protease inhibitors as mentioned earlier. Sample buffer was added at 20% of the total
volume. After SDS-PAGE electrophoresis, proteins were transferred to nitrocellulose membranes
(Bio-Rad). The primary antibodies used included: anti-PLCB1 (Santa Cruz sc-5291), anti-Ago2
(abcam ab32381), anti-PABPC1 (Santa Cruz sc-32318), anti-G3BP1 (Santa Cruz sc-81940), anti-
actin (abcam ab8226), anti-HSP90 (Santa Cruz sc-69703), anti-eGFP (Santa Cruz sc-8334) and
siRNA PLCB1 (Ambion 4390771). Membranes were treated with antibodies diluted 1:1000 in
0.5% milk and washed three times for 5 min each before applying the appropriate secondary
antibody (anti-mouse or anti-rabbit, Santa Cruz) at a 1:2000 dilution. Membranes were washed
three times for 10 min each before being imaged on a BioRad chemi-doc imager to determine the
relative band intensities. Band intensities were measured at several sensitivities and exposure times

to ensure that the intensities were in a linear range. Data were analyzed with ImageJ software.

3.3 RESULTS

3.3.1 PLCB1 binds to stress granule—associated proteins

We began this work by performing experiments to determine previously uncharacterized binding
partners of cytosolic PLCB1 in PC12 cells under nondifferentiating conditions. Our approach was
to isolate the cytosolic fractions of unsynchronized, undifferentiated PC12 cells and use a
monoclonal antibody to pull down proteins bound to PLCB1. We collected the PLCB1-bound
proteins and identified them by mass spectrometry (MS) analysis. Unexpectedly, we found that
~30% of the total proteins associated with cytosolic PLCPB1 were markers for stress granules (table
S3.1) (4, 20), and we determined the percentage of their contribution to the total intensity (Fig.
3.3.1 A). In contrast, control studies with cytosolic fractions of cells with reduced amounts of
PLCPB1 identified nonspecific proteins, such as tubulin, actin, and mitochondrial proteins (table

$3.2).
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Figure 3.1: Major binding partners of PLCP1 in PC12 cells. (A and B) Proteins associated with
PLCB1 were pulled down with a monoclonal antibody from the cytosolic fractions of
unsynchronized PC12 cells primarily in the G1 phase (A) or PC12 cells arrested in the G2/M phase
(B) and then subjected to MS analysis. The relative amounts of the indicated proteins were
calcuated as described in Materials and Methods. All of the proteins identified in (A), except for
elF5B, were also found in an identical experiment in which proteins associated with Ago2 were
pulled down (table S4). Proteins that were found to be phosphorylated included (A) FXR2 and (B)
elF3A, elF3B, and elF3C. Data were gathered from a single set of MS measurements and key
features were validated biochemically as described in the text. (C and D) The cytsolic fractions of
undifferentiated PC12 cells that were untransfected (control) or were transfected to overexpress
Ago2, TRAX, or constitutively active Goq were incubated with a monoclonal anti-PLCB1
antibody to pull down PLCP1-associated proteins. The pull-down samples (10 [Jg) were then
analzyed by Western blotting with antibodies against PLC[]1, PABCI, and Ago2, as indicated in
the representative blots (fig.S1), and a compilation of the relative intensties of the bands of interest

was determined by densitometry (see Materials and Methods). Data are means = SD of eight
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experiments. *P < 0.001. The relative amounts of C3PO and Gagq that were pulled down with
PLCB1 were not significantly different from that of PABPC1: P =0.81 and P = 0.54, respectively.
(D) A similar study to that described in (C) was performed with a monoclonal anti-GFP antibody
to isolate either eGFP-PLCB1 or eGFP-G3BP1 and their associated proteins from whole
transfected PC12 cells. The relative amounts of the indicated proteins that were pulled down were
determined by densitometry. Data are means + SD of five experiments for PLCB1, PABPC1, and
Ago2 and of two experiments for G3BP1. Full-sized Western blots for representative samples can

be see in fig. S3.1.

These studies (Fig. 3.1 A) were performed with unsynchronized cells where ~90% were in the G1
phase (/7). However, our previous studies suggested that PLCB1 may change binding partners as
cells move through the cell cycle (27). Additionally, PLCB1 has a nuclear population that may
exchange with the cytosolic one (22). Therefore, we repeated the studies in cells in which the
nuclear population of PLCB1 was also available for binding by arresting cells in the G2/M phase,
during which the nuclear matrix has broken down (Fig. 3.1B and table S3.3). Again, we found that
32% of the proteins bound to PLCB1 were markers for stress granules, with the most prominent
being eukaryotic initiation factor SA (elF5A) and polyadenylate binding protein C1 (PABPC1)
(Fig. 3.1B). Additionally, other stress granule and translation proteins appeared in both groups,
including FXR1/2, G3BP1, and other elF proteins. Note that Ago2, which is associated with both
RISCs and stress granules (§), appeared in these cells.

The proteomics studies described earlier are only indicative of potential protein partners of PLCB1,
because the candidates were identified under nonphysiological conditions. Therefore, we verified
the binding of PLCP1 to stress granule proteins through several other methods. First, we again
performed pull-down experiments with the same monoclonal antibody that we used earlier, and
we detected the association of two stress granule proteins by Western blotting analysis. The first,
PABPCI, is an established marker for stress granules (20). The second, Ago2, moves into granules
under stress conditions (8). Using unsynchronized, undifferentiated PC12 cells, we verified that
PABPCI and Ago2 bound to PLCB1 (Fig. 3.1, C and D). We then determined whether the amounts
of these proteins changed when two of the established binding partners of PLCB1, Gaq and C3PO,
were over-expressed (Fig. 3.1 C, fig. S3.1, A and B, and fig. S3.2 A and B). We found that the
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amount of Ago2 that bound to PLCB1 was reduced when that of either of the binding partners was
increased, suggesting that Ago2 bound to similar regions of PLCB1. However, the amount of
PABPCI1 that was pulled down with PLCB1 did not significantly change with over-expression of
either Gog or C3PO (P =0.81 and P = 0.54, respectively) and was reduced when Ago2 was over-
expressed. The simplest interpretation of these data is that the interaction between PLCBI and
PABPCI differs from that between PLCP1 and Ago2, and that the reduction in PABPCI1

abundance in cells overexpressing Ago2 may be due to a redistribution of the PLCB1 pool.

We wanted to verify that similar results could be obtained from experiments in which a different
PLCPB1 antibody was used. Noting that PLCB1 differs from other PLCP family members mainly
in the long 400 amino acid C-terminal domain to which Gogq and C3PO bind, and where some
stress granule proteins may bind, we repeated the pull-down experiments under conditions in
which antibody binding to its epitope in PLCB1 would not occlude any potential binding partners.
Specifically, we transfected undifferentiated, unsynchronized PC12 cells with a plasmid
expressing eGFP-PLCB1 where the eGFP tag is tethered to the N terminus of PLCB1 and
performed the pull-down experiments with anti-eGFP antibody. The results (Fig. 3.1C and D and
fig. S3.3) showed associations between PLCB1 and PABPCI1, Ago2, and G3BP1. Together, these

data support the idea that cytosolic PLCP1 interacts with stress granule-associated proteins.

3.3.2 PLCBI associates with Ago2 but not G3BP1 in live cells

Our earlier studies suggested that the interaction between PLCB1 and Ago2 might be modulated
by G protein stimulation and cellular events associated with C3PO. Keeping in mind that C3PO
promotes RNA-induced silencing, we set out to characterize the factors that regulated the PLCB1-
Ago?2 association. We first isolated the cytosolic fractions of unsynchronized, undifferentiated
PC12 cells, pulled down proteins associated with Ago2, and identified them by MS. We found that
PLCPB1 was included in the data set (table S3.4). Note that all of the proteins that were associated
with PLCB1 (Fig. 3.1 A) were also pulled down with Ago2 (table S3.4).

We measured the extent of the association between PLCB1 and Ago2 in live PC12 cells by Forster
resonance energy transfer (FRET) as monitored by fluorescence lifetime imaging microscopy

(FLIM). In this method, FRET efficiency is determined by the reduction in the time that the donor
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spends in the excited state, or the fluorescence lifetime, before transferring energy to an acceptor
fluorophore (23). If the donor molecule is excited with light that has a modulated intensity, the
lifetime can be determined by the reduction in modulated intensity (M) as well as the shift in phase
(¢) of the emitted light. If FRET occurs when the donor is in the excited state, the fluorescence
lifetime will be reduced as indicated by a reduced change in modulation and phase shift. The
amount of FRET can then be directly determined from the raw data by plotting the lifetimes in
each pixel in the image on a phasor plot [S versus G, where S = M*sin (¢) and G = M*cos ()]
(24). In these plots, the lifetimes in each pixel in a FLIM image will fall on the phasor arc for a
single population. However, when two or more lifetimes are present, the points will be a linear
combination of the fractions, with the points inside the phase arc that move towards the right due
to shortened lifetimes such as when FRET occurs. Note that phasor representation is simply the
Fourier transform of the lifetime decay curves but readily displays lifetimes directly from raw data

without the need for model-dependent fitting of the lifetimes or other corrections.
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Figure 3.2: Binding of PLCP1 to Ago2 and eIF5A in PC12 cells. (A to C) Representative phasor
plots from transfected PC12 cells expressing (A) eGFP-PLCP1 alone or (B) eGFP-PLCB1 and
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mCherry-Ago2. The raw lifetimes are plotted in polar coordinates, as indicated from the phase and
modulated fluorescence lifetimes (see Results). Each point in the phasor plots corresponds to the
lifetime of the eGFP-PLCP1 emission measured in each pixel from the corresponding cell image
shown in the graph. Images are representative of five to eight cells from three independent
experiments. (C) A phasor diagram in which the non-FRET and FRET points are selected and the
pixels are shown in the cell images. Note that no significant FRET was detected in control studies
of eGFP-C3PO and mCherry-Ago2 (fig. S3.2). (D) Example of a phasor plot and the corresponding
image from a FLIM measurement of eGFP-PLCfB1 expressed in a PC12 cell. The heat map
indicates eGFP signal intensity. (E) A similar study to that described in (B) except that PC12 cells
were cotransfected with plasmids expressing eGFP-PLCB1 and mCherry-C3PO (TRAX). Purple
dots indicate pixels represented in the phasor plot. (F) A similar study to that described in (E)
except that this cell was microinjected with purifed, unlabeled eIF5A. (G) Compilation of eGFP-
PLCB1 lifetime results from two independent studies with n = 10 cells for each study and in which
free mCherry was used as a negative control. Comparison of data before and after elFSA

microinjection was statistically significant: **P < 0.001.

Thus, we generated the phasor plot and the corresponding image of a PC12 cell expressing eGFP-
PLCp1 presenting the phase and modulation lifetime of each pixel in the image (Fig. 3.2, A to C).
As expected for a single lifetime species, all points fell on the phasor arc (Fig. 3.2 A). When we
repeated this experiment with cells expressing both eGFP-PLCB1 and mCherry-Ago2, where
mCherry is a FRET acceptor, the average donor lifetime was reduced from 2.5 to 1.7 ns and the
points moved inside the phasor (Fig. 3.2 B). This reduction in lifetime and movement of the points
into the phasor showed the occurrence of FRET between the probes. Because the amount of FRET
depends on the distance between the fluorophores to the sixth power and given that the distance at
which 50% transfers for the eGFP-mCherry pair is ~30 A (25), our results suggest a direct
interaction between PLCB1 and Ago2 in the cytosol. We could select points in the phasor plots
and visualize their localization in the cell image. We found that the points corresponding to FRET,
and thus eGFP-PLCB1:mCherry-Ago2 complexes, were localized in the cytoplasm (Fig. 3.2C). In
contrast, points corresponding to eGFP-PLCP1 alone were found both on the plasma membrane
and in the cytoplasm. Additionally, we tested the extent of the association between eGFP-PLCp1
and eGFP-G3BP1 using homo-FRET or FRET between identical species. No changes in lifetime,
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and thus no FRET, were detected (fig. S3.2). This absence of FRET indicates that the two
fluorophores were separated by more than ~45 A, which suggests that any association between the

two proteins is indirect.

3.3.3 eIF5A binds to PLCB1 competitively with C3PO and Gagq

To remain cytosolic, stress granule proteins would need to bind to PLCB1 in a manner competitive
with Gog or it would localize to the plasma membrane. We previously showed that PLCB1 binds
to C3PO through the same C-terminal region with which it binds to Gaq (/5), and that competition
between C3PO and Gag regulates the ability of PLCB1 to generate Ca”" signals through Gog
activation or the ability of siRNAs to promote silencing, respectively (26). With this in mind, we
searched the proteins identified in our MS analysis for stress granule proteins that could sequester
PLCB1 from Gog. We noted that eIF5A, which is a GTP-activating protein (27), has homologous
regions to the GTPase region of Gogq and appeared in our MS screen as a PLCB1-binding protein,

so we chose it for further testing.

In an initial study, we purified PLCB1 and covalently labeled it with a FRET donor, Alexa Fluor
488. We then purified elF5A, labeled it with the FRET acceptor Alexa Fluor 594, and measured
the association between the two proteins in solution by fluorescence titrations similarly to previous
studies (28). We found that the two proteins bound to each other with strong affinity (K¢ =27 + 5
nM). However, when we formed the Alexa488-PLCB1-C3PO complex and titrated Alexa594-
elF5SA into the solution, we could not detect FRET (fig. S3.4). This result suggests that e[FSA
binds to the same region of PLCB1 as does C3PO, and similarly, to Gog (/5). To determine whether
elF5A competed with C3PO for binding to PLCPB1 in cells, we transfected PC12 cells with
plasmids expressing eGFP-PLCB1 and mCherry-TRAX to produce fluorescent C3PO (29). We
detected an association between the two proteins by FLIM/FRET measurements (Fig. 3.2, D and
E). We then microinjected purified eIF5A into the cells to increase its intracellular concentration
by ~10 nM and found that FRET was eliminated (Fig. 2F). This result suggests that elFSA
displaces C3PO from PLCP1 and that both proteins bind to a similar region of PLCB1 (Fig. 2G).

We confirmed our hypothesis that eI[F5A binds to the C-terminal region of PLCB1 in experiments

with purified proteins in solution. In these studies, we formed the eIFSA-PLCB1 complex,
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chemically cross-linked the proteins, digested the samples, separated the fragments by
electrophoresis, and sequenced the peptides by MS (fig. S3.5, table S3.5). We found several
interaction sites between the two proteins, but one of the most prominent was between residues
1085 to 1095 of PLCPBland residues 97 to 103 of eIF5SA (table S3.5), which are expected to be
close to the Gogq activation region. Together, these studies suggest that eI[F5A competes with both
Gag and C3PO for binding to PLCB1 and thus could direct PLCB1 to complexes containing stress

granule proteins.

3.3.4 Osmotic stress has different effects on PLCB1 isoforms

To determine whether PLCPB1 could affect stress granule formation, we subjected cells to mild,
hypo-osmotic stress (300 to 150 mOsm), which we previously showed has reversible effects on
the Gog-PLCP signaling pathway in muscle cells as seen in figure 3.3 (A-E) (30, 37). We first
determined whether hypo-osmotic stress affected the association between PLCP1 and stress

granule proteins within 5 min before adaptive changes in the cell occurred.
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Figure 3.3: The effect of osmotic stress on cytosolic PLCB1 in PC12 cells. (A) Representative
Western blotting analysis of the cytosolic fractions of PC12 cells for PLCB1 where PLCB1a is the
upper band of the doublet and PLCB1b is the lower band. Cells were subjected to 10 min of
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incubation with 5 uM carbachol to stimulate Gaq activity or were subjected to osmotic stress (150
mOsm) for 5 and 30 min. PABPC1 and B-tubulin bands are shown for comparison. (B) Results of
a study in which undifferentiated PC12 cells transfeccted to express eGFP-PLCB1 were subjected
to osmotic stress as indicated, and changes in cytosolic fluorescence intensity in a slice in middle
of the cell were quantified. Data are from nine independent experiments. Compared to control
cells, those subjected to osmotic stress for 5 min had significantly different fluorescence intensity
(P <0.001). (C) Analysis of the change in Ca2+ release when PC12 cells labeled with Calcium
Green were stimulated with 5 pM carbachol under basal conditions (300 mOsm) and hypo-
osmotic stress (150 mOsm) for 10 min. Data are from n = 12 cells from three experiments and bars
indicate SD. (D) Images of PC12 cells immunstained for Ago2 (green) and PABPC1 (red) under
basal conditions (control), when the osmolarity was lowered from 300 to 150 mOsm (osmotic
stress), and when cells that had been treated with siRNA(PLCB1) were subjected to normal
conditions or osmotic stress. Scale bars, 20 um. (E) Compiled colocalization data showing the
extent of colocalization of PABPC1 and Ago2 in cells from the experiments shown in (D). Data

are from three experiments with 20 cells per experiment. ***P = (0.002 and **** P < 0.001.

Of the two major subtypes of PLCB1 (1a and 1b), the 1a form is the best characterized and most
prevalent subtype, having additional residues in its C terminus (residues 1142 to 1216) compared
to the 1b isoform (32). Although both isoforms are similarly activated by Gog, some studies
showed differences in their localization, although these differences appear to be cell type—specific
(33-35). We found that 5 min of exposure of PC12 cells to osmotic stress caused a marked
reduction in PLCPB1a abundance, whereas the amount of PLCB1b was relatively unchanged (Fig.
3.3A). Gog stimulation by the addition of carbachol did not affect the abundance of either isoform.
Tracking the total amount of PLCB1 with an antibody that recognizes both isoforms, we found that
the cytosolic fraction of PLCP1 was preferentially reduced by osmotic stress (Fig. 3.3B).
Considering that the half-life of total PLCB1 in PC12 cells is 20 min (/7), our findings (Fig. 3, A
and B) suggest that osmotic stress enhances PLCP1la degradation. After 30 min of stress, the
abundance of PLCB1b increased compared to that in control cells, as did the amount of PABPCI,
but PLCBla abundance remained low as the cells adapted (Fig. 3.3B). Because we could not
distinguish between the 1a and 1b isoforms of PLCB1 in most of our experiments, we will refer

only to PLCB1.
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We determined the ability of hypo-osmotic stress to affect Ca* signals generated by Gaq in
response to 1 uM carbachol. Using the fluorescent calcium indicator, Calcium Green (see
Materials and Methods), we first verified that reducing the osmolarity from 300 to 150 mOsm did
not affect the intracellular Ca®* concentration. However, osmotic stress quenched the increase in
Ca’" signaling in response to activation of the Gog-PLCB1 pathway (Fig. 3.3C). This loss was

consistent with the reduced PLCB1 abundance in cells under hypo-osmotic stress.

3.3.5 The abundance of cytosolic PLCB1 affects stress granule assembly

It is possible that PLCB1 binds to stress granule—associated proteins to prevent the premature
assembly of stress particles. To test this idea, we followed stress granule formation in PC12 cells
under hypo-osmotic stress by counting the number of particles that formed in undifferentiated,
unsynchronized PC12 cells using a 100x objective lens under normal (300 mOsm) and hypo-
osmotic (150 mOsm) conditions. Note that at this resolution, we may not have captured the
formation of small particles (5), and we might have observed the assembly of primary particles, as
well as the fusion of small pre-formed ones. In our experiments, we analyzed particle numbers and
sizes in 1.0-um slices though several cells and reported particle sizes in area as seen for each slice.
Note also that converting the particles into three dimensions and analyzing the particles gave

identical results but with reduced resolution.

We fixed PC12 cells under normal and hypo-osmotic conditions and stained them with monoclonal
antibodies against the stress granule marker, PABPCI. In this analysis, we measured the size and
number of particles in each slice of a confocal volume (see Materials and Methods) and plotted
the additive values of these data. Thus, the highest value plotted (Fig. 3.4) corresponds to the total
area of the cell occupied by stress granule particles. In control cells, PABPCI antibody staining
showed ~750 particles that were less than 25 pm? in area (Fig. 3.4A). When PLCB1 abundance
was reduced by siRNA, we observed an increase in PABPC1 particle size from 25 to 100 pm?,
suggesting that the loss of PLCB1 promoted the formation of larger particles. When we applied
osmotic stress to the cells, we observed an increase in the number of PABC1-containing particles
between 25 and 50 um? in area (Fig. 3.4B) However, osmotic stress did not change the size or

number of PABCI1-containing particles in cells in which PLCB1a had been reduced, suggesting
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that osmotic stress and the loss of PLCP1 were not additive effects. In another series of
experiments, we stimulated cells with carbachol to activate Gog (Fig. 3.4C). We found that such
stimulation induced the formation of a high number of particles of up to ~150 um? in area and that
reducing PLCPB1 abundance did not substantially affect either the size or number of PABPCI1-
containing particles. Together, these findings suggest that depletion of cytosolic PLCB1, through
siRNA treatment, osmotic stress, or recruitment to activated Gag, promoted the incorporation of
PABPCI into larger aggregates. We then used immunofluorescence analysis to test the effect of
PLCPB1 on the size and number of particles associated with Ago2. For Ago2, the number of smaller
particles substantially increased when PLCPB1 abundance was reduced (Fig. 3.4D). Unlike
PABPCl-associated particles, the size and number of Ago2-associated particles were not affected
by osmotic stress, although an increase in the number of small particles was still seen when PLCf1
abundance was reduced (Fig. 3.4E). Additionally, carbachol-dependent stimulation of Gaq resulted

in an increase in the number of Ago2-containing small particles (Fig. 3.4F).
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Figure 3.4: The effect of PLCB1 on the formation of PABPC1- and Ago2-associated particles
in PC12 cells. (A to C) The sizes and numbers of particles associated with monoclonal anti-

PABPCI1 in the cytosol of fixed and immunostained PC12 cells were measured with a 100x
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objective and analyzed by Image J software (see Materials and Methods). (A) Treatment of cells
with siRNA(PLCB1) relative to mock-transfected controls. Inset: An enlarged version of the plot
is shown to enable better comparison. (B) Analysis of the effect of osmotic stress (150 mOsm, 5
min) on the size and number of PABPCl1-associated particles in control PC12 cells and in PC12
cells treated with siRNA(PLCB1). (C) Analysis of the effect of Gaq stimulation by treatment with
5 uM carbachol on the size and number of PABPC1-associated particles in control PC12 cells and
in PC12 cells treated with siRNA(PLCp1). (D to F) Size and number of Ago2-associated particles
as determined by immunofluorescence analysis with a monoclonal antibody of for cells that were
treated with siRNA(PLCB1) and compared to control cells (D). Control cells subjected to 5 min of
osmotic stress (150 mOsm) were compared to cells treated with siRNA(PLCB1) under osmotic
stress (E). Control cells treated with 5 uM carbachol to stimulate Gaq were compared to cells
treated siRNA(PLCB1) and stimulated with 5 uM carbachol (F). Data are an average of three
independent experiments that each sampled 10 cells. Error bars represent SD. The P values

compare control conditions to the specific condition and were determined by ANOVA.

The experiments described earlier were performed with fixed, stained cells. We also followed
particle formation in live PC12 cells transfected with plasmids expressing mCherry-Ago2 or
eGFP-G3BP1. Although the number and areas of the particles varied somewhat with the extent of
transfection, the results showed the same trend as those from the immunostained samples (fig.
S3.6, A and B), that Gag stimulation or osmotic stress increased the number of Ago2-associated
smaller particles. These studies suggest that reduction of cellular PLCB1 abundance increases the
number of particles of proteins associated with stress granules. Whereas the increase in particle
assemblies could be due to the loss of cellular PLC1, it may also be due to the removal of PLCB1
from pre-formed particles. To address this question, we transfected PC12 cells with plasmid
expressing eGFP-PLCPB1 and analyzed their particles (fig. S3.6C). We could not detect many
particles less than 400 um? in area, beyond which, the number the number of particles increased
to ~1000. No substantial differences were found in cells subjected to osmotic stress. These data

suggest that PLCB1 does not associate with large particles in the cell.

The differences in the size and number of PABPC1- versus Ago2- or G3BP1-containing particles
suggest that they might partition into different types of granules. We tested this idea by monitoring
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the effect of both PLCB1 and osmotic stress on the colocalization between Ago2 and PABPCI1
(Fig. 3.3, D and E). Under normal osmolarity, we found little colocalization between the proteins
in cells either with endogenous amounts of PLCP1 or in cells in which PLCB1 was knocked down.
However, when the cells were subjected to osmotic stress, colocalization between Ago2 and
PABPCI increased, and this increase was greater in cells in which PLCB1 was knocked down.
These results suggest that PABPC1 and Ago2 form distinct particles that may begin to fuse or

associate under high stress conditions, such as loss of cytosolic PLCB1 or osmotic stress.

3.3.6 Assembly of Ago2- and G3BP1-containing aggregates depends on the type of environmental
stress

It is probable that osmotic stress produces granules that are different in size, number, and
composition than those produced by other stresses. We compared the formation of Ago2- and
G3BP1-containing particles under different types of stress by Number & Brightness (N&B)
analysis (see Materials and Methods). This method measures the number of fluorescent molecules
associated with a diffusing particle in live cells (36). Thus, N&B measurements of cells expressing

eGFP-Ago2 would indicate the conditions that promote the formation of aggregates.

We followed Ago2 aggregation in PC12 cells subjected to various stress conditions (Fig. 3.5 A to
C). Subjecting cells to osmotic stress shifted the distribution of eGFP-Ago2 particles to the point
where ~60% of the eGFP-Ago2 were significantly larger than monomers (Fig. 3.5B). Note that
these Ago2-containing particles formed throughout the cytoplasm, and that only 75 to 80% of the
cells showed aggregation. We compared the aggregation of eGFP-Ago2 in cells subjected to other
stresses: cold shock (12°C for 1 hour), heat shock (40°C for 1 hour), treatment with 0.5 mM arsenite
for 10 min (fig. S3.8 A to C), and oxidative stress (1 mM CoCl: for 8 hours; fig. S3.8D). Unlike
osmotic stress, these other stresses produced changes in all of the cells observed; however, eGFP-
Ago?2 aggregates were seen as a few large particles rather than being evenly distributed through
the cell. In a final series of experiments, we stimulated cells under normal conditions with
carbachol to activate Gogq and promote the relocalization of cytosolic PLCB1 to the plasma
membrane (Fig. 3.5C). Unlike for the other stresses, we observed the formation of small eGFP-
Ago?2 aggregates distributed throughout the cytosol. This behavior was seen in every cell tested.

These data suggest that different stresses, including Goq activation, result in patterns of formation
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of particles containing multiple Ago2 molecules. We also viewed the aggregation of eGFP-G3BP1
expressed in undifferentiated, unsynchronized PC12 cells (Fig. 3.5D to G). Unlike cells expressing
eGFP-Ago2, PC12 cells expressing eGFP-G3BP1 showed aggregation under untreated conditions,
(Fig. 3.5D), and the extent of this aggregation increased with hypo-osmotic stress (Fig. 3.5E),
treatment with PLCP1-specific siRNA, (3.5F), and carbachol treatment (Fig. 3.5G). Unlike the
punctate pattern seen for eGFP-Ago2, eGFP-G3BP1 aggregates were more diffuse and occurred
close to the plasma membrane, suggesting that eGFP-G3BP1 was present in a range of different

stress granules.

eGFP-Ago2in PC12 cells eGFP-G3BP1in PC12 cells
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Figure 3.5: Aggregation of Ago2 and G3BP1 in PC12 cells as monitored by N&B analysis.
(A to G) N&B studies of PC12 cells expressing eGFP-Ago2 (A to C) and eGFP-G3BP1 (D to G)
and subjected to the indicated conditions. Top: The graphs display N&B values for each pixel
where the y-axis corresponds to the brightness of the particle and the x-axis shows particle
intensity. The pixels contained in the red boxes are the values found for free eGFP and correspond
to monomeric eGFP-Ago2 (A to C) or eGFP-G3BP1 (D to G). Points outside the red boxes, shown
in green and blue, correspond to higher-order species of Ago2 or G3BP1. Middle: Images show
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the pixels corresponding to monomeic (red) and higher-order eGFP-Ago2 or eGFP-G3BPI
aggregates (green and blue) from the data shown in the graphs directly above. Bottom: Images are
from fluorescence microscopy analysis with ISS software. The purple pixels denote Ago2 or
G3BP1 aggregates. Data in (A) and (D) show control cells (n = 8 experiments); data in (B) and (E)
show cells subjected to hypo-osmotic stress (150 mOsm, 5 min) (n = 8 experiments); and data in
(C) and (G) show cells subjected to carbachol stimulation (5 uM, 10 min) (n = 5 experiments).
data in (F) show cells treated with siRNA(PLCP1) (n = 4 Scale bars, 10 um. (H) The size
distribution of cytosolic RNAs isolated from the indicated PC12 cells was measured by dynamic
light scattering for control conditions (black), hypo-osmotic stress (150 mOsm, 5 min, green),
over-expression of constiutively active Gaq (blue), and treatment with siRNA(PLCB1) (pink).
Inset: DLS spectra of cytosolic RNAs extracted from control cells and from cells treated with
puromyocin; the x-axis range is from 0 to 3000 nm. (I) The size distribution of cytosolic RNAs
where data for control cells (black) is included for easier comparison to cells subjected to hypo-
osmotic stress (150 mOsm 5min, red), heat shock at 40°C for 1 hour (green), cold shock at 120C
for 1 hour (blue), and treatment with 0.5 mM arsenite for 10 min (pink). Inset: A comparison of
control and puromysin-treated cells. Note that no changes were observed in cells subjected to
oxidative stress (treatment with 12 mM CoCl2 for 8 hours; fig. S7). Normalized data are shown.
Each sample was scanned three times with 10 minutes per run. The numbers of independent
samples were six (control) and two (PLCB1 knockdown,Goaq over-expression, heat shock, cold

shock, arsenite) and four (hypo-osmotic stress).

3.3.7 Cytosolic PLCB1 abundance affects the size of cytosolic RNAs

The formation of stress granules is expected to be accompanied by an increase in the size
distribution of cytosolic RNA as mRNA accumulates due to the arrest of translation. We measured
the sizes of cytosolic RNA by dynamic light scattering (DLS) (Fig. 3.5, H and I). Subjecting cells
to osmotic stress caused a significant shift to larger sizes. Reducing PLCB1 abundance resulted in
a small peak at low molecular weights and a broad peak at larger sizes that was shifted to the right
when compared to that for the control cells. This small peak was consistent with enhanced C3PO
activity due to the relief of inhibition by PLCB1 (28). Over-expressing Goq resulted in a similar
behavior as did treatment with siRNA (PLCB1). As a control, we measured the DLS spectra of

cytosolic RNA from untreated cells and in cells treated with the antibiotic puromycin, which halts

75



76

mRNA translation, rendering mRNA in stress granules (37). The RNAs from puromycin-treated
cells were almost two-fold greater in molecular weight compared to those in control cells and
showed a small peak that corresponded to the sizes seen in control cells. These data (Fig. 3.5, H
and I) are consistent with the translational arrest and the accumulation of higher molecular weight

RNAs that occurred when PLCB1 abundance was reduced.

3.3.8 Cytosolic PLCB1 abundance affects stress granules in smooth muscle cells

Myocytes and other cell types may experience changes in osmotic conditions during their lifetime.
With this in mind, we extended our studies to two different smooth muscle cell types: rat aortic
smooth muscle (A10) cells and Wistar-Kyoto rat 3M22 (WKO-3M22) cells. We identified PLCB1-
associated proteins in A10 cells under control conditions and after 5 min of osmotic stress by
pulling down PLCPB1 complexes with a monoclonal antibody and identifying the proteins by MS
analysis (table. S3.6). A large fraction of the proteins pulled down with PLCPB1 are associated with
transcription, which is most likely due to the nuclear population of PLCP (38). The stress granule—
associated proteins were less abundant than the transcription-associated proteins. Many of the
stress granule—associated proteins were also found in PC12 cells, for example, PABPC1 and eIFSA
(Fig. 3.6A), whereas others, such as Ago2 and FXR, were not detected. We repeated these
experiments with A10 cells that had been subjected to hypo-osmotic stress for 5 min before
undergoing lysis. We detected a loss of almost all of the transcription-associated proteins and most
of the stress granule—associated proteins (Fig. 3.6B). These results suggest that PLCB1 binds to
stress granule—associated proteins in A10 cells, as well as in PC12 cells, and that osmotic stress
results in their release from PLCB1. Whereas the cellular amount of PLCB1 in A10 cells was

reduced by osmotic stress, this effect was much lower than that in PC12 cells (fig. S3.7).
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Figure 3.6: The effect of PLCB1 on stress granule formation in A10 cells. (A and B) MS
analysis of the proteins associated with PLCB1 in A10 cells under normal osmotic conditions (A)
and after being subjected to hypo-osmotic stress (150 mOsm) for 5 min (B). The full data set is
shown in table S6. (C to E) Analysis of the sizes and numbers of particles associated with anti-
PABPCI in the cytosol of control A10 cells and A10 cells treated with siRNA(PLCBI) as
measured with a 100x objective and analyzed with Image J software (see Materials and Methods).
The indicated cells were analyzed under basal conditions (C), after being subjected to osmotic
stress (150 mOsm) (D), and after treatment with 5 pM carbachol to stimulate Gaq (E). All
measurements are an average of three independent experiments with 10 cells sampled per

experiment. Error bars indicate SD. P values were determined by ANOVA.

We then measured the formation of PABPCI1 particles in A10 cells in which the cytosolic
abundance of PLCB1 was perturbed, such as by osmotic stress, siRNA(PLC1) treatment, and Goyg
stimulation (Fig. 3.6, C to E). These cells exhibited particles that were ~10-fold larger than those
in PC12 cells. Similar to PC12 cells, reducing PLCB1 abundance in the A10 cells resulted in the

formation of larger particles, which also occurred because of osmotic stress. In addition,
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stimulation with carbachol (to activate Goyg) also resulted in a significant increase in the number
of larger particles. Together, these data indicate that the size and number of PABPC1-containing
particles depend on the abundance of PLCB1 in the cytosol.

Both osmotic stress and carbachol also promoted the formation of Ago2-containing particles in
WKO-3M22 cells. We analyzed the N&B results of these cells subjected to osmotic stress,
carbachol stimulation (Fig. 3.7 A to C), and arsenite (fig. S3.10). As occurred with PC12 cells,
both osmotic stress and carbachol stimulation promoted Ago2 aggregation in the WKO-3M22
cells, whereas arsenite stress had only a minor effect (fig. S3.10). Reducing the abundance of
PLCPB1 promoted Ago2 aggregation in both control (Fig. 3.7, D and E) and arsenite-stressed cells
(fig. S10). In a final series of experiments, we monitored shifts in the sizes of cytosolic RNA in
WKO-3M22 cells subjected to osmotic stress or carbachol stimulation and found statistically
significant increases in the RNA sizes under both conditions (Fig. 3.7F). Note that the particles
and cytosolic RNAs in WKO-3M22 cells appeared to be larger than those found in PC12 cells
(Fig. 3.5 versus Fig. 3.7).
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Figure 3.7: N&B analysis of eGFP-Ago2 aggregation in WKO-3M22 cells. (A to C) N&B

analysis of brightness versus intensity for PC12 cells under the indicated conditions with the pixels
of the colored boxes corresponding to specific regions in the cells (middle). Bottom: corresponding
fluorescence microscopy images. Red boxes correspond to monomeric eGFP-Ago?2 as determined
by free eGFP. Points outside this box and in the green and blue boxes correspond to higher-order
species and where the percentage of aggregation is given in red. Data in (A) show control cells,
data in (B) show cells subjected to hypo-osmotic stress (150 mOsm, 5 min), and data in (C) show
cells subjected to carbachol stimulation (5 pM, 10 min). (D and E) Data in (D) show cells treated
with siRNA(PLCPBI), whereas data in (D) and (E) show cells treated with siRNA(PLCB1) and
stimulated with osmotic stress (150 mOsm). Data are from three experiments with nine cells
analyzed per experiment. (F) Plot of the size distribution of cytosolic RNAs of WKO-3M22 cells
as measured by dynamic light-scattering for control conditions (black), osmotic conditions (150

mOsm 5 min, red), and stimulation of Gaq with carbachol (5 uM, 10 min, green).
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3.3.9 Stress granule formation depends on the abundance of PLCB1

To understand the dependence of stress granule formation on the abundance of PLCB1, we
assumed that e[F5A was the primary contact between PLCB1 and stress granule—associated
proteins; however, eIF5B or another factor might be involved. We can then express the partitioning

of eIF5A from the cytosol (c) to the particulate phase (p) as:

_elF5AP
"~ elF5A¢

Kp

where elF5AP is the stress granule phase, also termed G. The total amount of eIF5A is given by:

Er = elF5AP + elF5A°,

where eIF5AS = eIF5 + eIFSA-PLCP.

We can then express the association between PLCP and eIlF5A in terms of a bimolecular

dissociation constant;

[PLCB][elF5A]
[PLCS — elF5A]

Kd:

In this equation, PLCJ refers to cytosolic PLCB. We only considered the cytosolic population and
not the membrane-bound population in accordance with our results showing that the loss of
cytosolic PLC appeared to promote stress granule formation. Thus, the total cytosolic amount of

PLCB is given by:

Pr = PLCp + PLCp-eIFSA

If we combine these equations to determine the relationship between the number of particles and

the concentration of PLCPB, we obtain an equation that is quadratic in G (e[F5A).
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1
G? (1 + K—) +G(Pr — Er + KKy + Kg) — KyKgEr = 0
p

To give:

_ (pT —Er+ Ky (1+ Kp)) + \/PT? +E2+ K2(1+K,)" + 2K, (1 + K, (P + ET)) — 2P Ey

<2(1; Kp)>

p

G =

To determine the applicability of this model, we first needed to estimate values for G. We found a
linear dependence between the number of particles and the average area of the particles for
PABPCI in PC12 and in A10 cells (Fig. 3.8, A and B). This linearity enabled us to estimate G
using either of these measurements. Note that this linearity did not occur for Ago2-containing
particles for which stress primarily increased the number of particles rather than their size (Fig.

3.4).
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Figure 3. 8: Relationship between particle formation and PLCB1 abundance. (A and B)
Analysis of the relationship between the number of PABPC1 particles and their average area in
(A) PCI12 cells and (B) A10 cells that were treated as indicated. (C) Analysis of the relationship
between the number of PABPCI particles determined in Fig. 4, A to C, and Fig. 6, C to E and the
estimated concentration of total cytosolic PLCB1 in PC12 and A10 cells where the intensity is
compared to a calibration scale using Alexa488 and measuring in confocal volume in an FCS

instrument (26, 69).

We could estimate the total amount of cytosolic PLCB by single molecule fluorescence
measurements comparing the intensity of eYFP-PLCPB1 to an intensity scale constructed with
Alexa488 as measured with a multiphoton laser in an fluorescence correlation instrument (see
Materials and Methods). Briefly, we measured the number of eYFP-PLCB1 molecules diffusing
in a specific confocal volume after calibration with Alexa488. Note that we typically over-express
~two-fold more protein as indicated by Western blotting analysis. Our measurements enabled us
to estimate a cytosolic eYFP-PLCB1 concentration of ~43 nM in PC12 cells and ~49 nM in A10

cells, which was reduced to 10 to 15 nM under hypo-osmotic conditions. This decline can be
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compared with the ~2.5-fold reduction in cytosolic PLCB1 abundance that occurred in response to
carbachol stimulation (Fig. 3.8B) and the 80 to 90% reduction in PLCB1 abundance caused by
siRNA treatment as seen in S9. Although these values for PLCB1 are approximate, we used them
to determine its dependence on stress granules as expressed as G°. These data (Fig. 3.8C) showed
the dependence of the size and number of stress granules when cyotsolic changes of PLCB1

abundance occur.

3.4 DISCUSSION

The experiments presented here support the idea that cells direct signals through the reversible
sequestration of proteins in membrane-less organelles. In some cases, these structures promote
protein-protein interactions by reducing the local concentration and mobility of the proteins,
whereas in other cases they effectively halt a functional pathway (39, 40). In this work, we showed
that the atypical cytosolic population of PLCPB1 organized particles containing stress granule
proteins in response Gog signals. The specific types of stress granules that resulted from Gog-
PLCPB1 signals appeared to be similar to those that occurred under osmotic stress but were distinct
from those resulting from cold or heat shock, oxidative stress, or arsenite treatment. Our findings
suggest that PLCP1 regulates the entry of Ago2 and other stress granule proteins into particulates
through a simple thermodynamic binding mechanism that is competitive with Goq and that is
dependent on the cytosolic concentration of PLCP.

The traditional function of PLCP is to generate Ca®" signals in response to signaling molecules
that lead to the activation of Gag, such as acetylcholine, dopamine, serotonin, melatonin,
histamine, and angiotensin II. Note that without Gagq stimulation, the enzymatic activity of PLCB1
is very low, and because Goq resides at the plasma membrane and is not found in the cytosol,
cytosolic PLCB1 is not expected to be a substantial modifier of inositol phospholipids in internal
membranes. Thus, any effect of these cytosolic binding partners on the enzymatic function of
PLCB1 would be immaterial; however, their ability to regulate its access to Goq may be important

for Ca®" generation.

PLCB1 plays multiple roles in cellular functions that are usually attributed to its enzymatic
function. Studies showed that PLCB1 can localize to the nucleus to regulate cell growth and

differentiation, possibly through modulation of PIP, abundance in the nuclear envelope (41, 42).
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We previously found that a stable, cytosolic population of PLCB1 affects various cell functions,
such as RNA silencing and neuronal cell differentiation and proliferation independently of its
catalytic activity (43, 44). These alternative cytosolic functions of PLCP only occur at specific and
limited times in the cell cycle. For this reason, we set out to determine whether cytosolic PLCB1
binds to other proteins in nondifferentiating cells under nonstimulated conditions. With these
parameters in mind, we used a proteomics approach to uncover potential interacting proteins and
validated some of these interactions in live cells. Our experiments showed that under basal
conditions, cytosolic PLCB1 interacted with stress granule—associated proteins in intact cultured

cells.

Stress granules are RNA-protein aggregates that enable cells to halt the translation of mRNAs
encoding nonessential proteins when the cells are subjected to environmental stress. We found that
many of the proteins that associated with PLCB1 in complexes directly contribute to RNA-
processing and ribosome assembly, and that these proteins were found in PLCB1-containing
complexes isolated from PC12 cells and A10 cells. During the initiation stage of mRNA
translation, the polyadenylate binding protein PABP binds to the tail of the mRNA, which then
associates with elF4, enabling the mRNA-protein complex to bind to the 40S subunit (45). A
cytosolic form of PABP, PABPC1, was found in our PLCB1 pulldown assay together with elF4
subtypes, which bind to PABPC1 (see https://www.uniprot.org/uniprot/P11940). Several other elF

proteins were also identified in our analysis.

An important step in the progression of translation is the hydrolysis of GTP on elF2, which is
catalyzed by the GTPase activity of elF5. Our results suggest that eIF5A may be a primary binding
partner to mediate the association of PLCB1 with stress granule proteins. eIF5A is found at very
high abundance in cells arrested at the G2/M checkpoint when protein translation is expected to
be low. elF5A has several regions in its sequence that are homologous to those of Gayg, including
a region through which Goyg directly binds to PLCB (amino acid residues 147 to 162), as indicated
by homologous sequence alignment and chemical cross-linking (46). We directly tested the
association between PLCPB1 and eIF5A in experiments with purified proteins. Not only was the
PLCPB1-elF5A binding affinity in the same range as the affinity between PLCB1 and C3PO (/5),

but the binding was competitive both in solution and in cells. Because the site in PLCB1 through
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which it binds to C3PO overlaps with its binding site for Gag, the association of PLCB1 with elF5A
should depend on the extent of Gog activation, and this behavior was observed in our experiments.
Thus, in the absence of Goq stimulation, a population of cytosolic PLCB1 may associate with
elF5A until specific events, such as cellular differentiation, cause PLCB1 binding to shift to C3PO
and inhibit RNA-induced silencing.

We found that cytosolic PLCB1 also bound to Ago2 as seen in our pull-down studies, co-
immunoprecipitation experiments, and FRET/FLIM analysis. Our ability to disrupt the PLCB1-
Ago?2 interaction by the addition of purified eIF5A is suggestive of a direct interaction. Ago?2 is
the key nuclease component of the RISC (47), and our previous work suggested an association
between PLCPB1 and Ago2 (/4). Sequence alignment of Ago2 and the TRAX subunits of C3PO
shows four homologous regions ranging from ~20 to 40 amino acid residues in length and from
21 to 30% identity and 40 to 56% homology (residues 2 to 54, 87 to 119, 202 to 228, and 109 to
136 in C3PO and residues 788 to 826, 555 to 598, 188 to 202, and 831 to 858 in Ago2). Note that
at least three of the C3PO regions are potential interaction sites for binding to PLCP1, and at least
one of these may be available for binding to PLCB1-Ago2 (28). By this argument, it is possible
that PLCP1 directly binds to Ago2 through interactions similar to those through which it binds to
C3PO.

We determined whether PLCPB1 affected stress granule formation by monitoring the behavior of
two established stress granule markers, Ago2 and PABPC1. We initially used mild osmotic stress
that may occur physiologically. Hypo-osmotic stress initiates a series of cellular events to reduce
the number of osmolytes in the cell, such as the synthesis of glycogen from glucose, as well as ion
flow (48). Whereas we expected osmotic strength to change the ability of PLCPI to interact with
stress granule proteins by causing changes in tertiary or quaternary structure, we were surprised to
find a large reduction in PLCBla abundance in PC12 cells when osmotic stress was initially
applied, although this effect was far less pronounced in A10 cells. The PLCBla and PLCB1b
isoforms differ by ~20 amino acids in the C-terminal region, but they are similarly activated by
Goag. Piazzi et al. found that PLCB1b, but not PLCPB1la, prevents cell death under oxidative
conditions by affecting the amounts of key signaling proteins (49). Additionally, these two PLCB1
isoforms may localize differently depending on cell type (32-35, 50, 51). Whereas our experiments
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could not adequately distinguish between these two isoforms, it would be interesting to investigate
any separate roles they may play in stress granule formation. Note that in addition to the changes
in PLCB1 abundance or properties that occurred because of osmotic stress, we also varied cytosolic
PLCB1 abundance by stimulating Gayq to recruit PLCB1 from the cytosol to the plasma membrane,
and we also reduced total PLCB1 abundance with siRNA(PLCB1). All of these methods showed a

connection between cytosolic PLCB1 abundance and the formation of particles.

Our experiments showed that the stress granules formed by osmotic stress differed from those
formed in response to other stresses. Whereas we observed a substantial assembly of Ago2 under
osmotic stress, we found that arsenite, oxidative stress, and temperature shock produced particles
that contained monomeric Ago2. In addition, osmotic stress resulted in a large increase in the size
distribution of cytosolic RNAs, whereas arsenite, oxidative stress, and temperature shock did not.
Studies in S. cerevisiae (3) indicate that hypo-osmotic stress promotes the formation of particles
composed of markers of both P-bodies and stress granules, supporting our findings that subjecting
mammalian cells to hypo-osmotic stress forms particles with compositions that differ from those
formed in response to other types of stress. Our results also suggest that these latter granules, which
have low Ago2 content and are rich in proteins associated with RNA-processing, such as G3BP,
are poised to prevent the translation of mRNAs whose protein products would not survive arsenite
stress or oxidation, such as those involved in phosphorylation (52). In contrast, Ago2-rich granules,
whose formation is mediated by the Goq-PLCB1 pathway, may shift translation to mRNAs whose
protein products enable cells to better respond to external signals. Thus, unlike arsenite or other

stresses, Gog activation may give rise to more physiologically relevant particles.

We monitored the appearance of stress granules under hypo-osmotic conditions structurally by
fluorescence imaging and functionally by the accumulation of large cytosolic RNAs. Wheeler et
al. showed that initially, stress granules are small and grow in size in a time-dependent manner
(5). Here, we resolved particles greater than 10 pm? in area that formed in the cytoplasm, and the
size and number of these particles did not vary between 5 and 10 min after stress induction.
Additionally, whereas a very small population of eGFP-PLCP1 incorporated into particles of ~400
um?, these were unchanged under conditions of osmotic stress, suggesting that PLCB1 might

deliver proteins into particles without incorporating into them. PABPC1 was associated with a
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high number of aggregates whose numbers were affected by the abundance of cytosolic PLCB1 as
determined by immunofluorescence analysis. Formation of Ago2-associated particles, as
monitored by both immunofluorescence and live-cell imaging, was sensitive to Gogq stimulation
but not to other stresses. Furthermore, the formation of stress granules associated with G3BP1,
which did not appear to bind directly to PLCB1, appeared to be sensitive to cytosolic PLCPB1
abundance and showed extensive and diffuse aggregation. These data suggest that cells respond to
Gaygq activation by sequestering Ago2, G3BP1, and other proteins into stress granules to halt the

production of specific proteins.

Our results also suggest that the stress granules generated by Gogq activation are more similar to
those formed by reducing PLCB1 abundance or inducing osmotic stress in terms of Ago2
aggregates and are distinct from those produced by thermal or oxidative stress. Specifically, cold,
heat, oxidative, or arsenite stress did not result in Ago2 aggregation and did not substantially affect
the sizes of cytosolic RNAs, even though oxidative stress reduced the abundance of PLCB1
together with that of many cellular proteins (53). Our results are consistent with the variability of
stress granule composition formed in response to different types of stress (37, 54, 55). Our studies
also suggest that a loss of cytosolic PLCB1 may arrest the translation of mRNAs for specific
proteins by promoting the formation of mRNA-Ago2—associated stress granules. The idea that
sustained Goq activation can regulate the production of specific proteins is intriguing and a

comprehensive study of all of the transcripts affected by PLCPI is underway.

Neurons and cardiomyocytes are long-lived cells, and their viability depends on the reversible
assembly of stress granules. We used PC12 cells as a model for the role of stress granules in
neurological diseases and A10 cells as a model for muscle cells that regularly experience changes
in osmolarity. We also used WYK-3M22 rat aortic smooth muscle cells as another model of muscle
cells, which is used as the normotensive control for spontaneously hypertensive rats, which are a
common model of hypertension (56). We found a similar set of stress-related proteins in PLCB1-
containing complexes in the two cell lines, with the exception of neural-specific proteins and RISC
proteins, such as Ago2 and C3PO. Thus, PLCB1 may serve a similar role in many cell types by

mediating stress granule formation but not in regulating RNA processing.
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We constructed a simple thermodynamic model in which the partitioning of eI[F5A into particulates
is regulated by its association with PLCPB1, but we note that e[FSA can easily be replaced with
Ago2. The expression derived from this model shows the scope by which PLCB1 could affect
stress granule formation. Specifically, if the total amount of eIF5A is much greater than that of
PLCPB1, then stress granule formation will be independent of PLCBI1. Considering the high
concentration of ribosomes in cells, it is difficult to estimate the amount of elF5A that would be
available to bind to PLCB1. We know that microinjection studies that delivered ~10 nM elF5A
into cells resulted in the displacement of C3PO from PLC1, which can give us a quantitative
handle for future studies. Regardless of the specific nature of eI[F5A and its associated proteins,
our data suggest that there is a concentration range of PLCP1 that sensitizes cells to stress granule
formation and that this range is under the control of Gaq activation. Additionally, endogenous

amounts of PLCB1 may help to control premature stress responses.

In summary, our studies suggest a model in which cytosolic PLCB1 binds to stress granule protein
complexes to keep these proteins disperse under basal conditions. Activation of Gogq shifts the
cytosolic population of PLCB1 to the plasma membrane, displacing stress granule proteins and
promoting the formation of particles. This dynamic nature of PLCB1 is consistent with FCS studies
showing the rapid movement of the enzyme between the cytosol and plasma membrane (28). We
propose a model (Fig. 3.9) in which cells use cytosolic PLCB1 abundance to regulate the formation
and timing of protein synthesis and to prevent the formation of irreversible aggregates. Note that
the quenching of Gag-PLCB1-dependent Ca*" signals in cells under osmotic stress suggests that

the stress granules may effectively block this signaling pathway.

We previously found that PLCB1 plays an important but uncharacterized role in neuronal cell
development. Specifically, the expression of PLCPB1a increases substantially within the first 24
hours of PC12 cell differentiation and then slowly decreases (/6), leading to the question of why
its abundance is so variable. PLCB1 is highly expressed in neuronal tissue in which dysfunction in
stress granule assembly has been implicated in disease (57, 58). Our data suggest that PLCB1 may
act as a chaperone to keep stress granule proteins dispersed under basal conditions. Note that
reductions in the amount PLCPB1 are associated with a host of neurological disorders that may

result from disruptions in Ca" signaling and the proliferation and differentiation of neuronal cells
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(59-62). Schizophrenia and suicide specifically involve varying amounts of PLCf1a and PLCB1b
in the prefrontal cortex (67). Note also that the PLCPB1-associated proteins identified here play
important roles in neuronal function. FXR proteins are associated with the most common form of
hereditary mental retardation (63, 64), whereas elF5A is associated with neuronal growth and brain
development (65). It is interesting to speculate about connections between PLCB1-associated
neurological disorders and those associated with FXR and elF5A, which may involve dysfunction

in stress granule assembly and disassembly.
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Figure 3.9: Model of the multiple interactions of PLCP1 in cells. Under basal conditions,
PLCp1 is distibuted both at the plasma membrane and in the cytosol where it may interact with
stress granule—associated proteins. The activation of Gaq (through the stimulation of a GPCR by
its ligand) promotes the movement of PLCP1 to the plasma membrane, thereby releasing the stress

granule—associated proteins and promoting particle formation.
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3.5 SUPPORTING INFORMATION

Co-IP Argonaute 2 and PLCB1
Full blot

Ap-z RAx Gagq Ago-2 TRAX Gaq
.. ++ Control «« - e

= NARAmere

1gG chains —-‘—.—.-.» "

CO-IP PLCB1 and PABPC1

Control Ago-2 TRAX Gaq

‘. -

e B B B
merciowoa N B W W

90

B
Full blot
Ago-2 TRAX Gagq Ago-2 TRAX  Gagq
Control . - - Control - - -

PLCB1 150 kDa g ,
PABPC1 70 kDa
-
P -

Figure S3.1: Western blotting analysis of proteins co-immunoprecipitated with Ago2 and
PLCB1. (A and B) Co-immunoprecipitation (ColP) of PLCB1 and Ago2 from the lysates of
transfected PC12 cells expressing Ago2, TRAX, or Gaq as indicated. Antibodies used for ColP

and Western blotting are indicated. Blots are representative of two independent experiments. (C)

ColP of PLCB1 and PABPCI1 from the lysates of transfected PC12 cells expressing Ago2, TRAX,

or Goq as indicated. Antibodies used for ColP and Western blotting are indicated. Blots are

representative of two independent experiments.
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FLIM/FRET studies of eGFP-Ago2 and mCherry-
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Figure S3.2: FLIM/FRET analysis showing the lack of association between mCherry-Ago2
and eGFP-C3PO. FLIM of eGFP-Ago2 and mCherry-C3PO(TRAX). Example of phasor plots in
which PC12 cells were transfected with plasmids encoding eGFP-Ago2 and mCherry-TRAX and
where the raw lifetimes are plotted as S versus G (see Results). Each point in the phasor plots
corresponds to the lifetime from the eGFP-Ago2 emission seen in each pixel from the
corresponding cell image shown in the graph. No FRET was detected. Data are representative of

eight experiments.
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Figure S3.3: Pull-down of eGFP-PLCp1 and eGFP-G3BP1 in PC12 cells. ColP of GFP from
the lysates of transfected PC12 cells expressing eGFP-PLC[]1 or eGFP-G3BP as indicated.
Western blots are representative of five experiments for PLCB1, PABPC1 and Ago2, and of two
experiments for G3BP1. A nonbinding control, IQGAP2, was undetectable. Antibodies used for
ColP and Western blots are G3BP1, PABPC1, Ago2, PLCB1, IQGAP2 and GFP.
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Figure S3.4: Competition between eIFSA and C3PO for binding to PLCB1 in PC12 cells.
Fluorescence binding studies showing changes in FRET between purified Alexa594-elF5A titrated
into solutions of Alexa488-PLCB1(brown circles), the Alexa488-PLCB1:C3PO complex (orange
circles), or Alexa488-C3PO (green triangles). FRET was determined by subtracting the
fluorescence intensity of Alexa594-elF5A alone from its intensity in the presence of the different
labeled proteins (sensitized emission). Data were corrected for background and are from three

experiments; bars represent SD.
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Figure S3.5: Analysis of eIF5A purity. Proteins were purified and labeled with fluorescent
probes as described in the Materials and Methods. The Coomassie-stained SDS-PAGE gel shows

the purity of eIFSA. Data are representative of 7 experiments.
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Figure S3.6: The effect of Gaq activation and hypoosmotic stress on the formation of Ago2,
G3BP1-, and PLCp1-associated particles in PC12 cells. (A) Analysis of particles associated
with mCherry-Ago?2 in live PC12 cells under control conditions, after exposure to 150 mOsm
osmotic stress for 5 min, and after stimulation with 5 uM carbachol. (B) Analysis of particles
associated with eGFP-G3BP1 in live PC12 cells under control conditions, after exposure to 150
mOsm osmotic stress for 5 min, and after stimulation with 5 uM carbachol. (C) Particles associated
with eGFP-PLCP1 in live cells under basal (300 mOsm) conditions and after osmotic stress (150
mOsm, 5 min). These data are an average of three independent experiments that each sampled five
cells. For (B) and (C), bars indicate SD, whereas for (A), bars indicate SEM. The P values compare

control versus osmotic stress conditions and were determined by ANOVA.
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PLCP1 levels in A10 Cells
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Figure S3.7: Western blot showing changes in the level of PLCPB1 in A10 cells under basal
conditions and subjected to hypo-osmotic stress (150 mOsm for 5 min) (n=2). Densitometry

comparing lanes 1 and 2 to 3 and 4, and accounting for differences in sample loading, show a 30-

50% reduction in PLCP1 levels.
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Figure S3.8: N&B analysis of eGFP-Ago2 aggregation in PC12 cells. (A to C) Data are from
(A) cells subjected to cold shock at 120C for 1 hour (n = six experiments), (B) cells subjected to
heat shock at 400C for 1 hour (n = six experiments); and (C) cells subjected to arsenite stress (0.5
mM, 10 min) (n = five experiments), Scale bars, 10 um. (D) The size distribution of cytosolic RNA
isolated from PC12 cells was measured by dynamic light scattering (n = three experiments) for

control conditions (black) and oxidative stress (1 mM CoCI2 for 12 to 16 hours, red).
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Figure S3.9: Effect of siRNA(PLCp1) on Hsp90 abundance. Western blotting analysis of
changes in Hsp90 abundance in undifferentiated PC12 cells that were treated with siRNA(PLCB1).
Cell treatments and Western blotting analysis were performed as described in the Results. Data are

from two experiments.
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Figure S3.10: The effect of PLCB1 on the formation of Ago2-associated particles in WKO-
3M22 cells as monitored by N&B analysis. (A) N&B analysis of brightness versus intensity for
PC12 cells under arsenite stress with the pixels of the colored boxes corresponding to specific
regions in the cells with SIM-FCS 4. These cells were subjected to arsenite stress (0.5 mM for 10
min). Red boxes correspond to monomeric eGFP-Ago?2 as determined by free eGFP. Points outside
this box and in the green and blue boxes correspond to higher-order species. Scale bars are 10 pm.
The corresponding fluorescence microscopy images in ISS are shown. (B and C) Data in (B) show

cells treated with siRNA(PLCP1) and arsenite (0.5 mM for 10 min) whereas data in (C) show cells
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treated with siRNA(PLCP1) and stimulated with carbachol (5 uM for 10 min). Data are from three

experiments with nine cells analyzed per experiment.
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4.0 ABSTRACT

Caveolae are membrane domains that provide mechanical strength to cells and localize signaling
molecules. Caveolae are composed of caveolin-1 or -3 (Cav1/3) molecules that assemble into
domains with the help of cavin-1. Besides organizing caveolae, cavin-1, also known as polymerase
I and transcript release factor (PTRF), promotes ribosomal RNA transcription in the nucleus. Here,
we find that deforming caveolae by subjecting cells to mild osmotic stress (300 to 150 mOsm),
changes levels of GAPDH, Hsp90 and Ras only when Cavl/cavin-1 levels are reduced suggesting
link between caveolae deformation and protein expression. We find that this link may be due to
relocalization of cavin-1 to the nucleus upon caveolae deformation. Cavin-1 relocalization is also
seen when Cav1-Gagq contacts change upon stimulation. Cavl and cavin-1 levels have profound
effects on cytosolic RNA levels that in turn impact the ability of cells to form stress granules and
RNA-processing bodies (p-bodies) which protect mRNA when cells are subjected to
environmental stress. Studies using a cavin-1 knock-out cell line show adaptive changes in
cytosolic RNA levels but a reduced ability to form stress granules. Our studies show that caveolae,
through release of cavin-1, communicates extracellular cues to the cell interior to impact

transcriptional and translational processes.

4.1 INTRODUCTION

Caveolae are flask-shaped membrane invaginations that can flatten to provide more membrane
area and are implicated in mechano- and electric sensation, endocytosis, and vasodilation through
modulating the NO pathway (1-4). In previous studies, our lab found that populations of Gaq and
their receptors reside in caveolae domains and this localization is assisted by interactions between
Gaq and caveolin molecules (5,6). Activation of Goq by hormones or neurotransmitters
strengthens these interactions resulting in enhancement calcium signals. Deformation of caveolae

by mild osmotic stress disrupts this stabilization and returns calcium signals to levels observed in
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the absence of caveolae (7-9). Additionally, when cells are subjected to either bi-directional static
or oscillating mechanical stretch, calcium release through activation of Gaq/PLCJ is intact, but
contacts between Goq and caveolin are disrupted (10,11). In separate series of studies, our lab
found that activation of the Gaq/PLCP triggers a novel calcium-independent pathway that is linked
to regulation of GAPDH protein production but not Hsp90 (see (12)).

Cavins are a family of four proteins that regulate the curvature of the caveolae membrane by
anchoring caveolins to the cytoskeleton (for reviews see (13-15)). The most abundantly expressed
is cavin-1, also known as polymerase 1 and transcript release factor (PTRF) or cav-p60. Since its
discovery in 1998, cavin-1 has been found to be a necessary component of caveolae formation, by
mediating the sequestration of caveolin molecules into immobile caveolae domains (see (13)).
Several studies, including those here, strongly suggest that expression of cavin-1 and caveolin are
interdependent; Cav-1 knockout mice have nearly no cavin-1 expression, and cavin-1 knockout
mice have diminished Cav-1 expression (15,16). When fibroblasts are swelled by a 10-fold
decrease in osmotic strength, cavin-1 is released from the plasma membrane as caveolae

disassemble to provide more membrane area (17).

Before cavin-1 was identified as a structural adaptor for caveolae, it was recognized for its role in
modulating cellular transcriptional activity (18). Cavin-1/PTRF promotes ribosomal DNA
transcription by binding to the 3’ pre-RNA, allowing the release of pre-RNA and Polymerase |
from the transcription complex (19). Cavin-1 not only plays a role in transcript release, but it
increases the overall rate of transcription in a concentration-dependent manner. In adipocytes,
insulin stimulation causes phosphorylation of cavin-1 promoting its translocation from caveolae
to the nucleus (19) suggesting a role in signal transduction. The importance of cavin-1 expression
is seen in knock-out mice that show diverse abnormalities consistent with impaired ribosome
biogenesis including abnormal growth failure, loss in fat, resistance to obesity, impaired exercise
ability, muscle hypertrophy, altered cardiac and lung function (see (20)). Pertinent for this study
are reports suggesting that increased cavin-1 expression promotes cellular stress responses to toxic

agents which many be traced to binding to p53 in the cytosol (21).
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The connection between cavin-1’s ability to regulate caveolae structure and promote ribosomal
RNA suggests that any mechanism that destabilizes cavin-1’s interactions with caveolin including
caveolae deformation, would impact transcription and transitional processes through cavin-1.
Here, we show that changes in environmental conditions, such as mild osmotic stress, addition of
neurotransmitter, or exposure toxins drives cavin-1 from the plasma membrane to impact RNA
transcription and two processes that regulate protein translation (i.e. stress granule and p-body
formation). Our results suggest that cavin-1 molecules of caveolae acts as sensors to inform the

cell interior of environmental stress.

4.2 MATERIALS AND METHODS

4.2.1 Cell Culture

Rat aortic smooth muscle (A10) cells were purchased from ATCC and used as described (8).
Wystar Kyoto rat 3M22 (WKO-3M22) cells, originally obtained from ATCC, were a generous gift
from Dr. Marsh Rolle. Mouse Embryonic Fibroplasts (MEFs) were a generous gift from Dr Liu
Libin (Boston University School of Medicine). WKO-3M22 cell lines were cultured in high
glucose DMEM (Corning) without L-glutamine with 10% fetal bovine serum, 1% sodium
pyruvate, 1% non-essential amino acids (VWR) and 1% L-glutamine (VWR). MEFs were cultured
in high glucose DMEM (Corning) without L-glutamine with 10% fetal bovine serum, 1% sodium
pyruvate and 1% penicillin streptomycin. All cells were incubated at 37°C in 5% CO2.

4.2.2 Plasmids & Stains

EGFP-human-Argonaute-2 (eGFP-Ago2) was purchased from (Addgene plasmid # 21981) and
was prepared in the laboratory of Philip Sharp (MIT). MCherry-Ago2 was a gift from Alissa
Weaver (Vanderbilt University). EGFP-G3BP1 was purchased from Addgene (plasmid #119950)
and was prepared in the laboratory of Jeffrey Chao (Friedrich Miescher Institute). EGFP- Cavin 1
was a generous gift of Dr Liu Libin (Boston University School of Medicine). CellMask Deep Red
Plasma Membrane Stain was purchased by Thermofischer (cat# C10046) for the localization
experiments. Plasmid transfections and siRNA knockdowns were done using Lipofectamine 3000
(Invitrogen) in antibiotic-free media. Medium was changed to one containing antibiotic (1%

Penicillin/Streptomycin) 12-18 hours post transfection.
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4.2.3 Applications of stress conditions

For the control measurements, the media was replaced with Hank’s Balanced Salt Solution (HBSS)
before imaging. For the hypo-osmotic stress conditions, the medium was diluted with 50% water
for 5 minutes before it was removed and replaced with HBSS for imaging. For the arsenite
treatment, a stock solution of 100mM arsenite in water was prepared and a total of 10 uL of stock
solution was added to 2 mL of media. Cells were exposed to a final concentration of 0.5mM
arsenite for 10 minutes before the medium was removed and replaced by HBSS for imaging. For
Gagq stimulation, 10 pL of a stock solution of 1 mM carbachol was added to 2mL of media for a
final concentration of SuM. Bradykinin was also used to stimulate Gaq by adding 1 uL of a stock
solution of 10 mM bradykinin was added to 2mL of media for a final concentration of SuM. For
the isoproterenol treatment 10 pL of a stock solution of 1 mM carbachol was added to 2mL of
media for a final concentration of SuM. For the heat shock, cells were incubated at 40°C for 1

hour.

4.2.4 RNA Extraction and Dynamic light scattering (DLS)

DLS measurements were carried out on a Malvern Panalytical Zetasizer Nano ZS instrument. For
these experiments, total RNA from WKO-3M22 cells was extracted following the instructions
from the Qiagen Mini Kit (Cat #: 74104). Prior to RNA extraction, cells were exposed to stress
conditions. For these measurements, approximately 50uLof extracted RNA in RNase free water
was added in a Hellma Fluorescence Quartz Cuvette (QS-3.00mm). Each sample was run 3 times,

10 minutes per run.

4.2.5 Quantification of cavin-1 cellular localization by fluorescence imaging

Cell localization of eGFP-cavin-1 was assessed by combining multiple images of cells whose
compartments were identified with fluorescent markers to the nucleus (DAPI), and the plasma
membrane (CellMask), and tracking the shifts in eGFP-cavin-1 fluorescence intensity distribution
relative to these coordinates in real time when cells are subjected to various stress conditions. A
Horizontal Line Profile (H-Line Profile) was generated with counts vs pixel X where each intensity
pixel corresponded to a unique coordinate location in the cell. These unique coordinates were

matched to the plasma membrane, cytosolic and nucleus compartments based on the location of

112



113

DAPI and the CellMask plasma membrane stain and the relative location of the eGFP-cavinl to

these compartments were calculated.

4.2.6 Immunostaining and Particle analysis

Cells were grown to ~75% confluency and exposed to stress conditions, then fixed with 3.7%
formaldehyde, permeabilized using 0.2% Triton X-100 in PBS then blocked using 100% Fetal
Bovine Serum (FBS). Cells were then stained with primary antibodies incubated for 2 hours at
room temperature or overnight at 4°C, washed and treated with a fluorescent secondary antibody
for 1 hour. Some of the primary antibodies that were used were anti-PABPC1 (Santa Cruz sc-
32318), antiG3BP1 (Santa Cruz sc-81940) and anti-LSM14A ABclonal Cat NO: A16682). After
another wash, the 35mm MatTek glass bottom culture dishes were then imaged on the ISS Alba
FLIM 2-photon confocal microscope using a 100X/1.49 oil TIRF objective to microscopically
count the number of particles formed under different conditions per um2. For each condition, 10-
12 cells were randomly selected, and z-stack measurements were taken (1.0 p/frame). Analysis
was performed using ImageJ where each measurement was thresholded before averaging the
number of particles per frame per measurement. Statistical significance was calculated using

SigmaPlot with either a Student’s t-test, Tukey Test or Anova on Racks.

4.2.7 Number and Brightness (N&B) measurements

N&B theory and measurement has been fully described (see (30)). Experimentally, we collected
~100 cell images viewing either free eGFP (control) or eGFP-Ago2, at a 66nm/pixel resolution
and at a rate of 4 ps/pixel. Regions of interest (256x256 box) were analyzed from a 320x320 pixel
image. Offset and noise were determined from the histograms of the dark counts performed every
two measurements. Number and Brightness (N&B) data was analyzed using SimFC

(www.lfd.uci.edu).

4.2.8 N&B analysis

N&B defines the number of photons associated with a diffusing species by analyzing the variation
of the fluorescence intensity in each pixel in the cell image. In this analysis, the apparent
brightness, B, in each pixel is defined as the ratio of the variance, o, over the average fluorescence

intensity <k>:
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BB = 002/< kk >. and < kk > = ecee

where n is the number of fluorophores. The determination of the variance in each pixel is obtained
by rescanning the cell image for ~100 times as described above. The average fluorescence
intensity, <k> is directly related to the molecular brightness, €, in units of photons per second per

molecule, and n. B can also be expressed as

BB=€ce+1

And the apparent number of molecules, N, as

NN = ecee /(ee + 1)

4.2.9 Western blotting

Samples were placed in 6 well plates and collected in 250uL of lysis buffer that included NP-40
and protease inhibitors as mentioned before, sample buffer is added at 20% of the total volume.
After SDS-PAGE electrophoresis, protein bands were transfer to nitrocellulose membrane (Bio-
Rad, California USA). Primary antibodies include anti-PLCB1 (Santa Cruz sc-5291), anti-Ago?2
(abcam ab32381), anti-actin (abcam ab8226) and anti-eGFP (Santa Cruz sc-8334. Membranes
were treated with antibodies diluted 1:1000 in 0.5% milk, washed 3 times for 5 minutes, before
applying secondary antibiotic (anti-mouse or anti-rabbit from Santa Cruz) at a concentration of
1:2000. Membranes were washed 3 times for 10 minutes before imaging on a BioRad chemi-doc
imager to determine the band intensities. Bands were measured at several sensitivities and

exposure times to ensure the intensities were in a linear range. Data were analyzed using Image-J.

4.3 RESULTS

4.3.1 Expression of Cavl alters protein expression in response to stress

We have previously found that the binding of cytosolic PLCP to the promoter of RISC (C3PO)
inhibits its activity to regulate the silencing of select genes, and that this effect is reversed upon
Gaq activation (12,22-24). Specifically, we found that activation of Gaq drives cytosolic PLCP to

the plasma membrane releasing inhibition of the promoter of RISC and reversing silencing of

114



115

GAPDH by siRNA, but not Hsp90. We tested the idea that, because the caveolae enhances
activation of Gaq (5), which shifts the cytosolic population of PLCP to the plasma membrane, then

caveolae expression could indirectly regulate of GAPDH.

Using rat aortic smooth muscle (A10) cells, we quantified the production of GAPDH, along with
Hsp90 and Ras for comparison, when Cavl, Gaq and PLCP were downregulated. We first found
that reducing Cavl changes the level of actin and reduces the level of other cellular proteins (see
below) making direct impact of Cavl1 levels difficult to assess. We therefore took a more indirect
approach. Because caveolae provides mechanical strength to cells, we subjected cells to mild
osmotic stress that will deform caveolae and eliminate its stabilization of the Gagq/PLCP pathways
(8). We reduced the osmolarity of the media from 300 to 150 mOsm in control cells and cells
treated with siRNA(Cavl) and quantified changes in GAPDH, Hsp90 and Ras levels (Fig. 4.1,
where samples blots are shown in Supporting information 4.1). Differences between the two cell
groups were not immediate but appeared ~12 hours after continuous osmotic stress suggesting that
Cav1 impacts slower transcription and/or translation processes rather than more rapid degradation
or other down-regulation mechanisms. In contrast to Cavl, down-regulating Goq had little or no
effect, as did down-regulating PLCB1 although these cells contain little PLCB1 (25). These results
argue that the Gaq/PLCP pathway is not the primary factor underlying changes in protein
production. These data suggest that Cavl levels impact the ability of cells to produce proteins

under hypo-osmotic stress conditions.
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Figure 4.1: Down-regulation of Caveolin 1 impacts protein levels. Changes in proteins levels
of A- GAPDH, B- Hsp90, C- Ras in rat aortic smooth muscle (A10) in control (black), siRNA
PLC (red), siRNA Gaoq (green) and siRNA Caveolin 1 (yellow) cells where n=3 and the asterisks
correspond to p values with one asterisk being 0.1<p<0.5, two asterisks meaning p<0.05 and three

asterisks indicating p<0.001. An example western blot is shown in Supporting information 1.

4.3.2 Cavin-1 shifts its cellular localization under osmotic stress

Expression of Cavl and cavin-1 are interdependent ((16) and Supporting information 4.2A) and
so we tested whether the protein changes observed in Fig.1 might be due to cavin-1 levels since
cavin-1 promotes transcription of ribosomal RNA (18). While previous studies found that high
osmotic stress disassembles caveolae releasing cavin-1 from the plasma membrane (17), it is
unclear whether release will occur at the mild, physiological stress conditions used here which

deforms but not disassembles caveolae (9).

Cavin-1 relocalization studies were carried out in intact Wistar Kyoto smooth muscle cells (WKO-
3M22) which are flat and easily imaged. Cells were transfected with eGFP-cavin-1 and shifts in
the cellular distribution of fluorescence intensity with hypo-osmotic stress by confocal were
measured. Under basal conditions, we find that eGFP-cavin-1 localizes on the plasma membrane
with small amounts in the cytoplasm and nucleus (Fig. 4.2A). Because the additional, transfected

protein would increase total cellular cavin-1 and effect its localization, we repeated these studies
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by first down-regulating cavin-1 by ~95% before transfecting with eGFP-cavin-1 (see Supporting
Information 4.2,4.3). We than quantified the eGFP-cavin-1 fluorescence intensity on or close to
the plasma membrane, the cytosol and the nucleus (see Methods). In this case, the observations
were similar with the intensity being slightly lower on the plasma membrane as compared to the
nucleus, and no intensity could be detected in the cytosol, suggesting that endogenous cavin-1 is
mainly distributed between the plasma membrane and nuclear compartments (see Supporting

Information 4.3).

When we subjected wild type eGFP-cavin-1 cells to mild hypo-osmotic stress, a large portion of
the plasma membrane GFP-cavin-1 intensity shifts to the cytosol and the nucleus (Fig. 4.2B-C)
again by tracking the fluorescence intensity relative to the plasma membrane, cytosol, and nucleus
(see Methods). Interestingly, when cells are subjected to bradykinin stimulation, cavin-1
relocalizes to the nucleus. In contrast, when we subjected cells to isoproterenol which does not
stimulate Gaq, eGFP-cavin-1 remains outside the nucleus (Fig. 4.2C). To test the idea that cavin-
1 shifts to the nucleus when caveolae domains are disrupted, we down-regulated Cav-1 and found
that little cavin-1 is associated with the plasma membrane under these conditions (Fig. 4.2E-G).
Taken together, these data show that caveolae deformation, as well as disassembly, has the
potential to promote nuclear localization of cavin-1 allowing it to function as a transcription

activator.

We also tested whether other stress conditions impact cavin-1 localization. Because Cavl / Gaq
interactions strengthen when is activated, we determined whether Gaq stimulation would in turn
change cavin-1/Cavl interactions and cavin-1 localization. To this end, we find that addition of
carbachol to activate Gaq promotes relocalization of GFP-cavin-1 to the nucleus (see Supporting
Information). This relocalization is much more pronounced when Goq is stimulated with
bradykinin, since these cells are rich in bradykinin receptors (Fig.4.2C-F), and we note that
siRNA(Cavl) slightly diminishes Gaq protein levels (Supporting Information 4.2). Additional
cell images are displayed in Supporting Information 4.4). Because both carbachol and bradykinin
can stimulate Gai in addition to Gag, we stimulated cells with isoproterenol, which does not
activated Gaq. In this case, shifts in intensity to the nucleus are not observed (Fig. 4.2C-D). We

also found that treating cells with arsenite, which promotes a p53 response and is correlated to

117



118

cavin-1 activity (26), also promotes cavin-1 nuclear localization, but to a lesser extent compared
to Gaq activation. Interestingly, when caveolin-1 is down-regulated, cavin-1 nuclear relocalization

is more pronounced in arsenite treated cells compared to carbachol stimulated ones (Fig.4.2E-G).
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Figure 4. 2: Cavin-1 relocalization in WKO-3M22 cells.

fixed WKO-3M22 cells transfected with eGFP-Cavinl (green) and stained with CellMask Deep
Red Plasma Membrane stain (red) and DAPI (blue) under control conditions as obtained at 60X

A- Sample fluorescence images of

magnification and focusing on the bottom of the cell. Scale bars are 20 pum long. B, C- Cell
localization of eGFP-cavin-1 was assessed in subjected to hypo-osmotic (orange), arsenite
(purple), Goq stimulation with carbachol (pink), bradykinin stimulation (green) and isoproterenol
treatment (yellow). eGFP-cavin-1 localization was determined by measuring the pixel intensities
to coordinates to the plasma membrane, cytosolic and nucleus compartments based on the location
of DAPI and the CellMask plasma membrane stain (see Methods). Changes in membrane (B) and
nuclear localization (C) in wild type cells. Intensities were normalized to the plasma membrane

control. The asterisks correspond to p values with one asterisk being 0.1<p<0.5, two asterisks
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meaning p<0.05 and three asterisks indicating p<0.001. D - Sample fluorescence images of fixed
WKO-3M22 cells transfected with eGFP-Cavinl (green) and stained DAPI (blue) under control,
hypo-osmotic, bradykinin stimulation and isoproterenol treatment respectively as imaged by
epifluorescence with 60X magnification. Scale bars are 20 pm long for the control samples and 10
um long for the rest of the conditions. E-G- Cell localization of eGFP-cavin-1 in cells treated with
siRNA(Cavl) in the nucleus (E), cytosol (F) and membrane compartments (G).. Intensities were
normalized to the control of the nuclear population. All measurements are an average of 3
independent experiments that sampled 10 cells, where SD is shown and where the p values were

determined using Student t-test where each data set was compared to control.

The data in Fig.4.2 show that several stress conditions promote movement of cavin-1 from the
plasma membrane to the nucleus, which would be expected to increase protein production based
on cavin-1’s nuclear function. However, this is not seen in Fig.4.1 where similar or lower levels
of proteins, normalized for actin and changes in total protein content, were observed. Therefore,

we investigated other mechanisms through which Cavl would influence protein levels.

4.3.3 Transient down-regulation of Cavl or cavin-1 affects the amount of cytosolic RNAs and
their size distribution

In the studies above, we observed that down-regulating Cav1 or cavin-1 results increases cell death
by ~40% and ~52%, respectively, as estimated by comparing the number of transfected to control
cells in 3-5 culture dishes. We postulated that this increase in mortality is due to decreased
transcription and protein loss caused by reduced levels of cavin-1. To this end, we measured
changes in the levels of cytosolic RNA (Fig. 4.3A). These studies were done by isolating the
cytosolic fractions of WKO cells, removing the nuclear and lipid components, and isolating the
RNA after protein digestion and lipid solubilization (see Experimental Procedures). We find that
down-regulating Cavl by 60% and cavin-1 by 38%, as estimated by western blotting in WKO-
3M22 cells (Supporting Information 4.2), resulted in a 5-fold reduction of cytosolic RNA while
down-regulating cavin-1 by 94% and Cavl by 74% resulted in a ~13 fold reduction (Fig. 4.3A).
Notably, subjecting cells to osmotic stress also reduced cytosolic RNA levels even though more

cavin-1 was nuclear (Fig. 4.2C).
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We characterized relative size distributions of the cytosolic RNA populations by dynamic light

scattering (DLS). We find that the transcripts effected by Cavl down-regulation are smaller in

size suggesting a higher level of processing. The RNA seen when cavin-1 is down-regulated is

very large suggesting reduced processing, and the relative amount of the larger sized population

decreases with the application of stress (Fig. 4.3B-E). The loss in RNA with Cavl/cavin-1 is

consistent with reduced proliferation due to reduced transcription, and the shifts in the sizes of

cytosolic RNA suggests that Cavl/cavin-1 levels impact RNA processing. We interpret the

changes in with carbachol as being due to the release of the nuclease C3PO under control

conditions to process larger RNAs (12), and the loss of stabilization of activated Gaq when

Cavl/cavin-1 are down-regulated (5).
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Figure 4. 3: Cavl effects cytosolic RNA size distribution and stress granules in WKQO-3M22
cells. A- RNA from WKO-3M22 cells treated with siRNA (Cavl) (red) and siRNA(cavin-1)
(green) was extracted and quantified (see methods). B- Normalized DLS spectra showing the size
distributions of cytosolic RNA isolated from WKO-3M22 cells under control conditions (black),
siRNA(Cavl) treated cells (red), cavin-1 overexpression (yellow), and siRNA(cavin-1) (green)
down-regulation. C- Similar study as in (B) for cells subjected to hypo-osmotic stress (150 mOsm
5min), and D- cells subjected to Gaq stimulation with carbachol treatment (5uM, 10min). Each
sample was scanned 3 times with 10 minutes per run. The number of independent samples were 6
per condition. F-H - The size and number of particles associated with monoclonal anti-PABPC1
in the cytosol of fixed and immunostained WKO-3M22 cells was measured on a 100x objective
and analyzed using Image J (see methods). Comparison of cells with siRNA (Cavl) to mock-
transfected under basal conditions (F), hypo-osmotic stress (150 mOsm, 5 minutes) (G),
Stimulation of Gaq by treatment with 5 uM carbachol (H). All measurements are an average of 3
independent experiments that sampled 10 cells, where SD shown and where the p values were

determined using ANOVA.

Additionally, transfection of cavin-1 to WKO cells treated with siRNA(cavin-1) showed DLS
spectra similar to control (S4.7). We note that the percentage of rRNA to cytosolic RNA levels is

reduced when Cavl or cavin-1 is down-regulated as indicated by weaker contribution of the 18S

and 28S ribosomal RNA bands (54.4, 54.7).

4.3.4 Transient loss of Cavl/cavin-1 impacts stress responses

The changes in size distributions in Fig. 4.3 suggest that Cavl/cavin-1 levels or stress conditions
impact cytosolic RNA processing. To better understand these changes, we looked at the two major
mechanisms used by cells to handle cytosolic RNA: processing bodies (p-bodies) and stress
granules. P-bodies are associated with RNA degradation as well as RNA storage (27), and stress
granules are halted ribosomal RNA complex that protect mRNA during stress conditions, such as
the hypo-osmotic conditions used here (28). Stress granules and p-bodies have an overlapping
storage function and both contain Ago2 (29) which either stalls mRNA translation or degrades
mRNA depending on the amount of base pairing between the Ago2-bound miR and the mRNA.
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Since both stress granules and p-bodies require RNA, their assembly will be inhibited by the

reduced RNA levels accompanying cavin-1 down-regulation.

We first tested whether Cavl/cavin-1 down-regulation changes the number and size of stress
granules under basal conditions. These studies were carried out by immunostaining WKO-3M22
cells treated with either control or Cav-1 siRNA and immunostaining for the stress granule marker,
polyadenylate binding protein (cytosolic) -1 (PABPC1). The size and area of PABPC1 particles
were then quantified from high-resolution fluorescence confocal images (see Methods). In Fig
4.3F, we show a comparison of control and siRNA (Cavl) in cells under basal conditions. We
find that loss of Cavl/cavin-1 results in more numerous but smaller particles consistent with

smaller RNAs seen by DLS.

We then determined whether reducing Cavl/cavin-1 levels change the ability of cells to form
PABPCI particles (i.e. stress granules) under hypo-osmotic stress or carbachol stimulation (Fig.
4.3G-H). We find that reduced Cavl/cavin-1 levels did not affect particle formation in cells
subjected to osmotic stress and produced a small increase in the number of fewer particles in cells
stimulated with carbachol. These results suggest that the reduced levels of GAPDH and Hsp90
caused by Cavl down-regulation (Fig. 4.1) are not due to confinement of their mRNAs into large

stress granules.

The reduction in cytosolic RNA may result in smaller stress granules that might be missed in
immunostaining studies. In a second series of studies, we monitored stress granule formation in
live cells using the stress granule assembly protein G3BP1 tagged with eGFP. This construct
allowed us to monitor small aggregates by a fluorescence correlation method (N&B) which senses
small aggregates. N&B is a fluorescence method which follows the diffusion of a fluorophore in
an image series, and compares the number of photons associated with this diffusion to a monomeric
control, such as free eGFP (30). This method allows us to determine small particles that might be

missed in confocal imaging.

In Fig 4.4, we show control cells transfected with eGFP-G3BP1 and subjected to various stress

conditions. The amount of aggregation with each stress condition correlates to amount of cavin-1
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relocalization seen in Fig 4.2; carbachol stimulation showed the highest amount of aggregation,
followed by osmotic stress and then arsenite. When Cavl/cavin-1 was down-regulated, no changes
in G3BP1 aggregation were observed except for osmotic stress which showed a small, residual
change that might be due to residual Cavl. These results suggest that lowering Cav1/cavin-1 levels

make cells less able to adopt mechanisms that protect them from environmental stress.
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Figure 4.4: N&B analysis of eGFP-G3BP1 aggregation in WKQO-3M22 cells. I- The top panels
(I-A —I-E) show graphs of the brightness versus intensity with the pixels of the colored boxes
corresponding to the specific regions in the cells (I-F — I-J) using SIM-FCS 4 software. The bottom
panels show the corresponding fluorescence microscopy images in ISS (I-K —I-O). The red box
corresponds to monomeric eGFP-G3BP1 while points outside this box and in the green and blue
boxes correspond to higher order species. Panels I-A, I-F,I- K are control cells (n=8); Panels I-B,
I-G, I-L are cells subjected to hypo-osmotic stress (150 mOsm, 5 min) (n=6); Panels I-C, I-H, I-M
are cells subjected to arsenite stress (0.5mM, 10 min) (n=6); Panels I-D, I-1, I-N are cells subjected
to carbachol stimulation (S5pm, 10 min)(n=6); Panels I-E, I-J, I-O are cells subjected to heat shock
(42°C, 60 min)(n=6); Scale bars are 10 um long. Part II is similar to Part I for cells treated with
siRNA(Cavl) (n=6). Scale bars are 10 um long.

It is also possible that reduced cytosolic RNA with Cavl/cavin-1 knock-down will impact p-
bodies. We used the p-body marker, LSM14A, which is associated with inactive mRNA storage,
to monitor the formation of p-bodies on the micron scale (31,32). High-resolution confocal images
were analyzed to determine the number and area of LSM14A particles. Compared to control cells,
down-regulating Cav1 had little effect on p-bodies, but down-regulating cavin-1 results in a greater
number of LSM14A particles (Fig. 4.5) showing that the available RNA available is not being
processed, which is consistent with reduced ribosome activity (see Discussion). Additionally, we
find that carbachol stimulation increases formation of LSM14A containing p-bodies while osmotic

stress has no effect.
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Figure 4.5: Cavin 1 impacts LSM14A containing P-body formation. The size and number of
particles associated with monoclonal anti-LSM14A in the cytosol of fixed and immunostained
WKO-3M22 cells was measured on a 100x objective and analyzed using Image J (see methods).
Comparison of mock treated and cells treated with siRNA(cavin-1) or siRNA(Cavl) under basal
conditions (A), hypo-osmotic stress (150 mOsm, 5 minutes) (B), and stimulation with 5 uM
carbachol (C). All measurements are an average of 3 independent experiments that sampled 10

cells, where SD shown and where the p values were determined using ANOVA.

The studies above indicate that Cavl/cavin-1 levels primarily affect the formation of stress
granules that form under various environmental conditions rather than p-bodies, which are
associated with RNA storage and degradation under basal conditions. Therefore, we sought to
investigate the effect of Cavl/cavin-1 on the formation of large and small aggregates containing
Ago2, which aggregates in cells subjected to osmotic stress or Gagq activation (33). We monitored
stress-induced aggregation of eGFP-Ago2 in live cells with Cavl/cavin-1 down-regulation. When
viewing Ago?2 aggregates in control cells by fluorescence microscopy, we find that environmental
stress does not significantly impact the size and number of Ago2 particles (Table 4.1 and
Supporting information 4.9) and only minor changes, similar to PABPCI particles, are seen for
cells treated with siRNA (Cavl). When we view small Ago2 particles in control cells by N&B
analysis, we find a large effect due to osmotic and carbachol stress but little change with heat and
arsenite (Table 4.1). These results show that down-regulation of Cavl/cavin-1 reduces stress-
induced aggregation, most likely due to reduced cytosolic RNA levels (Supporting information

4.10).
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Table 4.1: Stress responses quantified by Particle Analysis and N&B. Shown are values for the

128
slopes of the Particle Analysis curves (i.e. number versus area of particles), and the N&B values.

Changes over four-fold are shown in red.

Particle Analysis N&B
Ago2 PABPC1 Ago2 G3BP1

Control 1.82 4.18 n/a n/a
osmotic 1.63 5.56 34 7.6
carbachol 1.69 3.21 19 12.6
Arsenite 1.55 2.87 5 3.9
heat 1.46 3.07 3.9 6.1
siRNA Cavl 2.47 7.62 53 1.4
siRNA Cavl + osmotic 1.69 4.27 2.3 5.2
siRNA Cavl + carbachol 3.12 4.43 04 1.1
siRNA Cavl + arsenite 1.74 6.05 1.3 1.1
SiRNA Cavl + heat 5.31 4.46 16.4 1.1
siRNA cavin-1 2.27 345 9.9 1.3
siRNA cavin-1 + osmotic 1.39 2.89 3.6 1.6
siRNA cavin-1 + carbachol 7.32 7.39 4 1.2
siRNA cavin-1 + arsenite 1.76 5.89 2.9 1.2
siRNA cavin-1 + heat 3.01 2.97 2.6 1.2
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4.3.5 Cavin-1 knock-out cells show widespread phenotypic changes as well as adaptive behavior
We obtained a strain of mouse embryonic fibroblasts (MEFs) where cavin-1 was knocked out
using CRISPR/Cas9 genome editing technology (19). These knock-out cells have a threefold
longer doubling time and a more trapezoid morphology as compared their wild type counterparts
where the circularity dropped from 0.78+.2, n=16 to 0.55+.3, n=16. Additionally, we were unable
to visualize caveolae by Cavl immunostaining which is consistent with the absence of these
caveolae, and these cells had a 55%-68% lower level of Cav-1 as quantified by western blot
(Supporting information 2F). Surprisingly, we find that the cytosolic RNA levels of the knock-
out cells were identical to the wild type in sharp contrast to transient down-regulation of

Cavl/cavin-1.

4.3.6 Cavin-1 knock-out cells show different cytosolic RNA size distributions

The adaptive changes in cytosolic RNA in the KO cells gives us the opportunity to understand the
effects of cavin-1 at constant levels of cytosolic RNA. We find that even though the cytosolic
RNA levels in the cavin-1 KO are the same as wild type, their size distributions are very different
(Fig. 4.6A-C). Cytosolic RNA of wild type cells has two populations: a major one at small RNA
sizes and a minor one at larger sizes. These populations are reversed in the knock-out cells; the
peak at small RNA sizes was only 1/3 as high as the one at larger sizes. When we increase the
expression of cavin-1 by over-expressing Cavl1 in the knock-out cells, we find a shift in RNA sizes

towards wild type values.

The shift to larger cytosolic RNAs sizes in the knock-out cells could be due to reduced processing.
To test this idea, we subjected wild type cells to carbachol or hypo-osmotic stress to halt mRNA
processing. These stresses reduced the amount of small RNAs consistent with the halting of Ago2
activity due to stress granule formation. The loss of small cytosolic RNAs in the wild type cells
results in a DLS spectrum similar to unstressed knock-out cells. In contrast, subjecting cavin-1
knock-out cells to stress did not significantly change the cytosolic RNA size distribution. Thus,
we interpret the higher sizes in the knock-out cells as being caused by reduced RNA processing
(Fig. 4.6D-E).
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Figure 4.6: RNA size distribution and formation of eGFP-Ago2 particles in wild type and
cavin-l KO MEFs. A- Normalized DLS spectra showing changes in the size distribution of
cytosolic RNA isolated from MEFs for mock treated control cells (black), cavin-1 knock-out cells
(red) and cavin-1 KO cells over-expressing Cavl (green). B- DLS spectra of cytosolic RNA from
wild type MEFs under control conditions (black), hypo-osmotic stress (150 mOsm 5 min, red),
cells over-expressing of constitutively active Gaq (green). C- An identical study showing the size
distribution of cavinl KO cells under control conditions (black), hypo-osmotic stress (150 mOsm
Smin) (red) and carbachol stimulation (5 uM for 10 minutes, green). Each sample was scanned 3
times with 10 minutes per run. The number of independent samples were 6 per condition. D- Size
and number of particles associated with anti-Ago2 in the cytosol of MEFs were measured on a
100x objective and analyzed using Image J (see methods) showing treatment of wild type cells
with hypo-osmotic stress (150 mOsm, 5 minutes-red) and Gagq stimulation (5 uM carbachol, 10
minutes — green). E- Treatment of cavin-1 KO cells to 5 minutes of osmotic stress (150 mOsm)
and carbachol stimulation (5 uM carbachol, 10 minutes — green). Measurements are an average

of 3 independent experiments that sampled 10 cells. P values were determined using ANOVA.

130



131

The large sizes of cytosolic RNA may be consistent with stalled ribosomal complexes (i.e., stress
granules), and we determined the ability of the cavin-1 knock out cells to form stress granules.
Particle analysis of wild type and KO cells showed Ago2 particles have are similar in size and
number in cells under basal conditions and cells subjected to hypo-osmotic while the knock-out
cells produced fewer particles under carbachol stimulation as compared to wild type cells (Table
4.1, Supporting information 4.11). This reduction is consistent with the reduced levels of Gaq
activation due to the loss of caveolae. The size of Ago2 particles formed were greatly enhanced
upon Cavl/cavin-1 upregulation indicating some type of a compensatory mechanism (Supporting
Information Table 4.2, Fig. §4.11). These cells were also highly sensitive to arsenite suggesting
that one of the adaptive mechanisms used by these cells is energy dependent. We also viewed
small eGFP-Ago2 particles in wild type and cavin-1 knock-out cells by number and brightness
(N&B) (Supporting Information Table 4.1). As compared to control cells, we find that the cavin-
1 knock-out cells have eGFP-Ago2 particles that contain more fluorophores and are more intense.
When cells are subjected to hypo-osmotic stress, the knock-out cells show enhanced aggregation
which was slightly reversed with Cav1l overexpression (Supporting Information 4.12). Thus, even
though cavin-1 depleted cells have less particles on the micron scale, they have a larger number of

smaller particles, and environmental stress promotes the formation of small Ago2 particles.

4.3.7 Caveolin-1 KO primary smooth muscle cells unable to form stress granule formation *

The following studies were conducted at the Centro Nacional de Investigaciones Cardiovasculares
(CNIC) in Madrid, Spain at the lab of Dr Miguel Angel Del Pozo and under the supervision of Dr
Asier Echarri. These studies were part of an ongoing collaboration with main goal to understand

the role of Cav-1 in stress granule accumulation through aging.

Various studies have been performed in Cav-1 null mice over the years correlating the role of this
protein in cancel, diabetes, atherosclerosis, and cardiomyopathy[1]. However, there have been no
previous studies examining the role of Cav-1 in defense mechanisms such as stress granule and p-
body accumulation. When extracting primary smooth muscle cells from the aortas of different
aged mice (4 weeks vs 19 weeks) we were able to examine the effects of aging in stress granule
formation along with the role of Cav-1 in this process while using wild type and Cav-1 null mice.

Older wild type mice showed more numerous and larger Ago?2 stress granule compared to younger
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mice. This phenomenon could be easily explained by aging and the fact that these wild type mice
become more susceptible to changes the older they grow (Fig 4.7B). Previous studies have looked
at stress granule formation, composition and dynamics due to aging[2]. Many of them have shown
evidence of age-dependent decrease in expression of ATP-dependent chaperone machines along
with proteosomes making cells, primarily neuronal, more susceptible. Other studies in skeletal
muscle cells examined the role of oxidative stress in stress granule formation and found a delayed

SG resolution due to aging[3].

While the role of caveolae and cav-1 in particular has not been properly examined in regards to
the physiological stress granule assembly and disassembly, we were eager to understand the
mechanisms initiated. When looking at the number and size of particles in cells extracted from 4-
week-old wild type versus 4-week-old Cav-1 KO mice, we see that the absence of Caveolin-1 in
these smooth muscle cells initiates defensive mechanisms normally due to adaptive mechanisms
that have taken the place of cav-1 (Fig. 4.7A,C,D). In addition to the absence of Cav-1 when hypo-
osmotic stress was applied to these cells for 5 minutes, there was a further increase in Ago?2 related
particles forming suggesting intact defense mechanisms being present in these cells (Fig 4.7E).
However, the disassembly rate of these granules due to the exposure in hypo-osmotic stress

remains unknown.

When we conducted the same experiment and analysis in older aged mice (19 weeks old) we did
not observe similar results. Caveolin-1 KO cells were able to initiate the assembly and disassembly
of stress granules as they age (Fig 4.7G). In addition, even though cells extracted from wild type
19-week-old mice showed a significant increase in the number and size of Ago2 associated
particles, the same behavior was not observed in the Caveolin-1 KO cells suggesting changes in
the cytosolic RNA levels and reduced RNA processing occurred (Fig 4.7F, H,I). In other words,
the data obtained from primary cells support the findings that have been demonstrated throughout

this chapter confirming that caveolae deformation affects RNA processing.
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Figure 4.7: Formation of eGFP-Ago2 particles in primary smooth muscle cells. (A)Size and

number of particles associated with anti-Ago2 in the cytosol of primary smooth muscle cells
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extracted from 4-week-old wild type (black) and Caveolin-1 KO (red) mice. Particles were
measured on a 100x objective and analyzed using Image J (see methods). (B) Size and number of
particles associated with anti-Ago2 in the cytosol of primary smooth muscle cells extracted from
4-week-old wild type (black) and 19-week-old wild type (red) mice. Smooth muscle cells from
wild type 4-week-old mice (C), Caveolin-1 KO 4-week-old mice (D) and Caveolin-1 KO 4-week-
old mice exposed to 5 minutes hypo-osmotic stress (E) are shown with Ago2 stained in green,
smooth muscle actin stained in red and DAPI stained in blue (see methods). (F) Size and number
of particles associated with anti-Ago2 in the cytosol of primary smooth muscle cells extracted from
19-week-old wild type (black) and Caveolin-1 KO (red) mice. (G) Size and number of particles
associated with anti-Ago2 in the cytosol of Caveolin-1 KO primary smooth muscle cells extracted
from 4-week-old (black) and 19-week-old (red) mice. Smooth muscle cells from Caveolin-1 KO
4-week-old mice (H), Caveolin-1 KO 19-week-old mice (I) are shown with Ago2 stained in green,

smooth muscle actin stained in red and DAPI stained in blue.
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4.4 DISCUSSION

In this work, we have begun to delineate the complex connections between caveolae, mechanical
stretch and cell physiology used hypo-osmotic stress to deform caveolae. Caveolae provide
mechanical strength to cells and serve as platforms that localize signaling proteins (1). Several
years ago, we found a connection between these two functions when we observed that Cav-1/-3
enhances Gaq / calcium signals, and that deformation of caveolae disrupts Cav/Gagq interactions
(9). Here, we show that caveolae have an additional role by indirectly helping cells sense and
respond to environmental stress conditions by modulating translational and transcriptional

processes.
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These studies were initiated by work showing that elevating cytosolic PLCB reverses RNA-
induced silencing of GAPDH but not Hsp90 through its inhibition of a promotor of RN A-silencing,
C3PO (12). Activation of Goq drives PLCP to the plasma membrane promoting both RNA-
induced silencing and stress granule formation (12,34). Because Cav-1/-3 stabilizes activated Goq
(5), we postulated that its presence might also affect protein production by modulating Goaq
activity. Our initial studies measured the effect of reduced Cavl on the expression of two
housekeeping proteins GAPDH and Hsp90, and the growth-associated protein Ras. As detailed
below, the impact of Cav-1 on the basal levels of these proteins was difficult to quantify because
of its broad effect on cellular RNA, and so we focused on changes in the levels of these proteins
when caveolae were deformed under mild osmotic stress. By comparing to control cells, we find
that levels of all three proteins are influenced by Cavl down-regulation. The impact of Cavl on
GAPDH and Hsp90 does not appear to primarily involve the Gaq/PLCp signaling pathway since
cells where either Gaq or PLCB1 were downregulated showed either minor or no changes as
compared to controls, although our studies suggest that Ras levels might be influenced by both
Gaq and Cavl. Thus, these initial studies suggest that Cavl may act through pathways distinct
from Gag/PLCP to impact the levels of specific cellular proteins.

We searched for mechanisms that connect caveolae to protein levels in another cultured smooth
muscle cell line that are easily imaged. We noted that cavin-1 plays a dual role in cells by
stabilizing caveolae domains on the plasma membrane and by promoting the transcription of
ribosomal RNA in the nucleus (3,35). Because expression of Cavl and cavin-1 are linked, we
were not surprised to find that down-regulating Cav1 results in a dramatic decrease in cytosolic
RNA levels, which may influence cellular levels of proteins like GAPDH, while down-regulating
cavin-1 causes a much larger reduction of RNA. The ability of cavin-1 to regulate transcription
allowed us to use the level and properties of cytosolic RNA as a read-out for nuclear cavin-1

activity.

Cavin-1 has been found to be released from the plasma membrane when caveolae domains
disassemble, or upon phosphorylation during insulin signaling (19). Here, we worked at osmotic
conditions where caveolae deform enough to disrupt Cav-1/Gagq interactions and focused on cavin-

1 relocalization in real time in intact cells (9). We find that even these milder conditions promoted
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release of cavin-1 from the plasma membrane to the cytosol and nucleus. Not only did osmotic
stress allow for cavin-1 relocalization, but carbachol stimulation did as well suggesting that
strengthening Cav1-Gaq interactions weakened contacts with cavin-1. As expected, activation of
Gai did not promote nuclear localization of eGFP-cavin-1. We were surprised to find that arsenite
treatment, which has pervasive effects in cells, also promotes cavin-1 relocalization to the nucleus.
This relocalization may be due to initiation of cellular mechanisms to alleviate cell toxicity, or due

to disintegration of caveolae-cytoskeletal contacts (36-38).

While cavin-1’s functions on the plasma membrane and in the nucleus are known, and the large
population of this protein localizes in these two compartments, its role in the cytosol has not yet
been determined. It is possible that the cytosolic population acts as a reservoir for the other cellular
compartments. It is notable that cavin-1 has been found to form complexes with cavin-2 in the
cytosol (39). More recent work found that cavin-3, which interacts with both cavin-1 and caveolin-
1 can also be released from the plasma membrane upon caveolae disassembly, interacts with a
large number of cytosolic proteins and some of these interactions may overlap with cavin-1
(40,41). Pertinent for this study is the argument that cytosolic cavin-1 does not directly mediate
stress granule formation since we have not detected cavin-1 in protein complexes associated with

either PLCB1 or Ago2 (33).

Our studies showed that reducing Cavl/cavin-1 levels and subjecting cells to osmotic stress
reduced of GAPDH and Hsp90 levels relative to controls but increased Ras. We do not believe
that these differential effects on these transcripts are specific to cavin-1 but instead are indirect
through other pathways, or due to the rate of translation of transcript caused by reduction
ribosomes levels. We explored this idea by assessing the relative size distribution of cytosolic
RNAs. In WKO cells, lowering cavin-1 promotes the appearance of very large RNAs, while over-
expressing cavin-1 increases small RNAs due to enhanced processing consistent with enhanced
ribosomal activity. Reducing cytosolic PLCP through stimulation of Gaq or application of osmotic
stress shows the same shift towards smaller RNAs due to increased RISC activity while halting
processing by arsenite causes a shift to very large sizes. These shifts are consistent with cavin-1’s

role in promoting cytosolic RNA processing by increasing ribosomal RNA levels (18).
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Cavin-1 is highly expressed in proliferative tissues and ones rich in caveolae such as prostate
cancer cells (PC-3), rhabdomyosarcoma (RMS), endothelial cells (ECs), etc. (42-45). Aside from
making cells more susceptible to damage from mechanical stretch, down-regulating cavin-1 would
be expected to slow cell growth due to reduced ribosomal RNA output, and these characteristics
were observed in the MEF cavin-1 knock-out cells (19). Even though they grew much slower than
wild type, the KO MEFs had similar levels of cytosolic RNA showing that these cells have adapted
to reduced ribosomal RNA transcription. We noted that the sizes of the RNAs in the cavin-1 KO
MEFs were much larger than control suggesting a reducing in processing. When we over-express
Cavl in the KO MEFs, we find a shift in RNA sizes towards control cells. This shift is not due to
increased expression of cavin-1 by Cavl over-expression because the cavin-1 gene has been
eliminated from these cells. One possibility is that Cav1’s stabilization of Gaq shifts the PLC
population to the plasma membrane promoting RISC activity (12), and this idea is supported by

previous FRET measurements (33).

Stress granule formation is initiated by cytosolic mRNA, and so it was not surprising that reducing
Cavl/cavinl results in cells that have impaired stress responses. We tested the importance of
Cavl/cavin-1 on micron-sized particles by imaging marker proteins, and for MEFs, we were also
able to image on smaller aggregates by N&B analysis of fluorescent-tagged markers. Under basal
conditions, the cavin-1 KO MEFs showed a greater number of small aggregates of Ago2 but a
lower number of larger aggregates as compared to wild type cells and transfecting with Cav1 did

not affect the results since cavin-1 is required for caveolae.

The overall goal of this study was to understand how caveolae transmits mechanical stress into
cells, and their ability to mediate Gaq signals. We used a mild osmotic stress where caveolae are
deformed but not completely disassembled and one that emulate physiological conditions that can
occur in the epithelial cells in the digestive tract and kidney and also in fish and invertebrate (9,46).
While we knew that this stress would reduce Gag/calcium signals, we were surprised to find that
caveolae changed the ability of cells to handle stress as seen by changes in protein content, and
changes in cytosolic RNA, and changes in stress granule number and area. Our data indicate that
these changes are mediated by two factors: relocalization of cavin-1 from the plasma membrane

to the nucleus to allow increased rRNA production and increased translation, and increased RNA
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levels in the cytosol as described in the model shown in Fig. 4.8. The nature of the specific proteins
translated are unclear and may depend on competing transcripts, miRs and the rate of translation.
Low levels of rRNA reduces the formation of ribosomes allowing cytosolic mRNA to be
susceptible to inclusion in p-bodies or degradation by RISC (47). The rRNA resulting from nuclear
cavin-1 provides a protective effect for cells by increasing cytosolic RNA levels allow for stress
granule formation, although reduction in ribosomes may shift more mRNA into p-bodies as our
studies indicate. It is notable that caveolae are prevalent in cells where expression of Gaq is high.
Thus, normal Gaq activation by agents such as bradykinin, angiotensin II, histamine, etc. (48), and
the studies here suggest that normal, Gagq activation helps cycle cavin-1 to the nucleus in response
to these signals. Taken together, these studies show that cavin-1 can act as a sensor that
communicates environmental stress to the nucleus that allow cells to better initiate stress

responsces.
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Figure 4.8: Model of cavin relocalization with stretch and Gaq activation. A- Gaq and PLCP

Cavin-1

Gaq

localize in caveolae; B- Enhancement of Gaq /Cavl during activation releases a population of
cavin-1 from the plasma membrane; C- mechanical stretch flattens the domains releasing cavin-1

from the plasma membrane and shifting PLCP to the cytosol which leads to a reduced number of
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stress granules; D —cavin-1 relocalizes to the nucleus to influence transcription of specific genes

that lead to changes in cell structure.

4.5 SUPPORTING INFORMATION
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Figure S4.1 Down-regulation of Caveolin 1 impacts protein levels. Changes in proteins levels

of GAPDH, Hsp90 and Ras in rat aortic smooth muscle (A10) were verified with western blot
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Figure S4.2: Quantification of protein levels in WKO-3M22 Cells. Downregulating caveolin 1
reduced the levels of the protein by 60% and the levels of cavin-1 by 38% while downregulating
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cavin-1 reduced the levels of caveolin-1 by 74% and the levels of cavin-1 by 94% as seen by

Western Blot since these proteins are interdependent (n=3).
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Figure S4.3: eGFP-Cavin-1 localization in cavin-1 downregulated WKO-3M22 cells.

Downregulating cavin 1 before transfecting cells with cavin-1-GFP showed the same localization

with cavin-1 levels slightly reduced in the plasma membrane compared to the nucleus and no

cavin-1 present in the cytoplasm.
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Figure S4.4: Additional cells showing Cavin-1 relocalization in WKQO-3M22 cells. Sample
fluorescence images of fixed WKO-3M22 cells transfected with eGFP-Cavinl (green) and DAPI
(blue) under control, osmotic, bradykinin and isoproterenol (see text) as obtained at 60X

magnification. Scale bars are 20 um long for the control and 10 pm for the rest of the conditions.
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Figure S4.5: Quantification of protein levels in WKO-3M22 Cells. Downregulating caveolin 1

reduced the levels of the protein by 46% while downregulation of cavin-1 did not show the same

affect as seen by Western Blot since these proteins are interdependent (n=3).
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Figure S4.6: Bleach Agarose gels showing ribosomal RNA integrity. One to two pg of total
RNA per band run on a 1% denaturing bleach-agarose gel where bands are independent samples.
Agarose gels were prepared with 1X TBE buffer, bleach and ethidium bromide and run for 75
minutes at 100V.
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RNA processing in WKO-3M22 cells
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Figure S4. 7: The effect of arsenite on the size distribution of cytosolic RNAs (top-left), the
rescue effect of Cavin-1 in cavin-1 depleted WKQO-3M22 cells (top-right) along with the
effects of osmotic stress in RNA processing (bottom). (Top-Left panel) Control cells (black) and
Cavl (red) and cavin-1 (green) down-regulated cells were treated with 0.5mM arsenite for 10 min.
(Top-Right panel) Control cells (black), cavin-1 downregulated cells (red), cavin-1 overexpressed
cells (green) and cavin-1 downregulated cells with cavin-1 overexpressed after the downregulation
occurred. Samples were prepared as described in the Methods section and DLS spectra were taken
according to the legend in Fig. 4.3 B-E in the text. (bottom panel) The RNA levels under control
(black), 1 hour hypo-osmotic (red), 3 hours hypo-osmotic (green), 6 hours hypo-osmotic stress

(purple) and 12 hours hypo-osmotic stress (blue) was extracted and analyzed.
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Figure S4. 8: Absence of Cavin 1 reduces the levels of Caveolin 1 in MEFs. The lack of cavin-
1 in the cavin KO mouse embryonic fibroblasts reduced the levels of caveolin-1 by ~55-68%

depending on the environmental stress applied as seen by Western Blot (n=3).
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Figure S4. 9: Caveolin 1 and Cavin-1 do not affect Ago-2 related particles In WKO-3M22
Cells. The size and number of particles associated with monoclonal anti-Ago2 in the cytosol of
fixed and immunostained WKO-3M22 cells was measured on a 100x objective and analyzed using
Image J (see methods). Comparison of all environmental conditions in control cells (A) caveolin-
1 down-regulated cells (B) and cavin-1 downregulated cells (C). A comparison between the control

(black) caveolin-1 downregulation (red) and cavin-1 downregulation (green) can be seen in (D).
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All measurements are an average of 3 independent experiments that sampled 10 cells, where SD

shown and where the p values was determined using ANOVA.
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Figure S4. 10: Characterization of RNA in WKQO-3M22 cells. A- RNA from WKO-3M22 cells
treated with siRNA(Cavl) (red) and siRNA(cavin-1) (green) was extracted and quantified (see
methods). Normalized DLS spectra showing the size distributions of cytosolic RNA isolated from
WKO-3M22 cells under carbachol conditions (5uM, 10min) (black), siRNA(Cav1l) and carbachol
treated cells (red), and siRNA(cavin-1) and carbachol treated cells (green). B- Similar study as in
(A) for cells subjected to hypo-osmotic stress (150 mOsm 5min), and C- arsenite treatment
(0.5mM, 10 min). Each sample was scanned 3 times with 10 minutes per run. The number of

independent samples were 6 per condition.
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Figure S4. 11: N&B analysis of eGFP-Ago2 aggregation in MEF cells. I- The top panels (A —

0 20 40 60 80 100 120 140 160 180 200 220 240 0 20 40 60 80 100 120 140 160 180 200 220 240

C) show graphs of the brightness versus intensity with the pixels of the colored boxes
corresponding to the specific regions in the cells (D — F) using SIM-FCS 4 software. The bottom
panels show the corresponding fluorescence microscopy images in ISS (G-I). The red box
corresponds to monomeric eGFP-Ago-2 while points outside this box and in the green and blue
boxes correspond to higher order species. Panels A, D,G are control cells (n=6); Panels B, E,H are
cavin-1 knock-out cells, and Panels C, F, I are cavin-1 knock-out cells with caveolin-1

overexpression. Scale bars are 10 um long.
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Figure S4. 12: N&B analysis of eGFP-Ago2 aggregation in osmotically stressed MEF cells. I-

0 20 40 60 80 100 120 140 160 180 200 220 240

0

The top panels (A —C) show graphs of the brightness versus intensity with the pixels of the colored
boxes corresponding to the specific regions in the cells (D — F) using SIM-FCS 4 software. The
bottom panels show the corresponding fluorescence microscopy images in ISS (G-I). The red box
corresponds to monomeric eGFP-Ago-2 while points outside this box and in the green and blue
boxes correspond to higher order species. Panels A, D,G are control cells (n=6); Panels B, E,H are
cavin-1 knock-out cells, and Panels C, F, I are cavin-1 knock-out cells with caveolin-1

overexpression. Scale bars are 10 um long.
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Analysis

Wild type Ago2
Control =
osmotic ++
carbachol +
arsenite ++
heat +++

cavin-1 KO
control =
osmotic o
carbachol +
arsenite +++
heat +++

Cavin-1 KO + Cav1
overexpression

control ++
osmotic ++
carbachol ++
arsenite ++

For Particle Analysis (Where y=ax+b)

For N&B:

+++: > 20% aggregation Ago2:
++:>10% and < 20% +++: a=0-2
+:>3% and < 10% ++:a=2-4
- :>0and <3% +a=4-6

-1 a=6-8

Table S4.1: Stress responses quantified by Particle analysis and N&B in MEFs.
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CHAPTER 5- IDENTIFYING THE GENES ASSOCIATED WITH THE CAVIN-1
RELOCALIZATION THAT OCCURS WITH OSMOTIC AND MECHNICAL STRESS

5.1 ABSTRACT

In the previous chapter, we showed that osmotic stress promotes caveolae deformation that causes
cavin-1 to relocalize to the nucleus. Earlier in this thesis, we showed that osmotic stress induces
the formation of stress granules in the cytoplasm of neuronal and smooth muscle cells. In this
chapter, we will describe the use of smooth muscle cells (WKO-3M22) to identify the genes whose
expression was changed during caveolae deformation. We used two different methods to deform
caveolae; prolonged osmotic stress and bi-directional mechanical stress. In addition, we analyzed
the effect of downregulation of Cav-1 and cavin-1 to understand the impact of caveolae removal
on the transcriptome. These experiments produced interesting and original results. In particular,
we found that osmotic deformation of caveolae affects the cell circadian rhythm while complete
loss of caveolae triggers anti-viral immune responses. The potential significance and application
of these findings will be discussed. Further experiments are needed to confirm these hypotheses

and to identify the signaling pathways underlying these effects.

5.2 INTRODUCTION

In the previous chapter, we showed that after mechanical stretch (such as osmotic stress), cavin-1
relocalizes from the plasma membrane to the nucleus to impact transcription. Here, we use RNA-
sequencing to identify the genes whose expression is affected by the expression levels and
localization of cavin-1. We identified hundreds of genes whose expression was upregulated and
downregulated. Among these, a few categories of genes were prominently represented, namely
genes involved in circadian rthythm regulation, anti-viral immune responses, cancer and

apoptosis (see results).

While these results are nonetheless interesting, the expectations of this project were to identify
genes that are fundamental in smooth muscle cell survival and function. There are several studies
showing that actin, myosin, elastin and ubiquitin related genes are severely impacted in vascular
smooth muscle cells resulting in changes in contractility[1; 2; 3]. In addition, the ability or inability

of these cells to successfully differentiate due to stress-induced caveolae deformation was expected
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to impact smooth muscle myosin heavy chain, a-smooth muscle actin, calponin, SM22, a- and B-
tropomyosins, and ol integrin genes since they are transcriptionally regulated meaning that
transcription of these genes is upregulated in differentiated SMCs but is downregulated in
dedifferentiated SMCs [4; 5]. While the expression of some of these expected genes was impacted,
their effect was not as dramatic as the ones we will be focusing on in the Results section. However,
further analysis and optimization of those results need to be done in a separate study. Here we will

focus on the most prominent and dramatic effects induced by cavin-1 relocalization.

5.2.1 Circadian Rhythm in mammals and cells

Many living organisms display a 24-hour cycle of activity and rest called the circadian rhythm.
In mammals, many physiological processes are subject to circadian regulation such as sleep-
wake cycles, body temperature, heartbeat, blood pressure, endocrine secretion, renal activity, and
liver metabolism. The circadian clock is a timing system that consists of an input pathway
adjusting the time, a central oscillator generating the circadian signal, and an output pathway
eliciting the circadian physiology and behavior[6]. While most organisms are believed to
regulate their circadian clocks according to changes in the duration of light, interestingly, many

of them will operate in complete darkness.

The core of the mammalian circadian clock is a feedback loop composed of transcription factors.
In the mammalian circadian clock, the transcription factor Circadian Locomotor Output Cycles
Kaput (CLOCK) dimerizes with the transcription factor Brain and Muscle Arntl-like-1
(BMALT1). The CLOCK/BMALI dimer binds to a response elements of the Enhancer boxes (or
E-boxes) family and promotes the transcription of the Cryptochrome 1 and 2 genes, (Cry!, Cry
2), and of the period 1, 2, 3 genes (Perl, Per2 and Per3).

After transcripts of Per and Cry are translated in the cytoplasm, they dimerize and return to the
nucleus where they interact with the CLOCK/BMALI dimer. This interaction interferes with the
ability of CLOCK and BMALTI to stimulate further transcription of the per and cry genes and
transcription is halted. As Per and Cry proteins degrade, CLOCK and BMALI1 are freed to
promote Per and Cry transcription again. Therefore, the cycle starts again, forming a negative

feedback loop that generates 24-hour cycles affecting behavior and physiology.

157



158

A few studies have documented the existence of circadian rhythms in cultured cells. Previous
studies in cultured rat fibroblasts have shown that serum addition to the culture media inhibits
leucine zipper transcription factor TEF mRNA expression, whose expression follows a robust
circadian rhythm [7]. These circadian oscillations last approximately 8 to12 hours suggesting
that serum inhibition may be specific for transcripts with circadian accumulation in vivo. Highly
regular oscillations in the levels of dissolved oxygen can be observed conveniently in chemostats
that have been glucose starved and re-fed[8]. Other studies conducted in mouse embryonic
fibroblasts identify cytosolic BMALI1 binding partners as known stress granule related proteins
(eiF5a, PABPCI, etc)[9]. Upon phosphorylation, BMALI regulates ribosomal translation in
cells, independently of its transcriptional activity while associating with several translation

initiation factors.

Earlier in Chapter 3, we found that hypo-osmotic stress stimulates stress granule accumulation
through a reduction in the level of cytosolic PLCB1. Additionally, we find that hypo-osmotic
stress deforms caveolae to release cavin-1 from the membrane, from where it travels to the
nucleus to impact transcription. Here, we identified genes involved with hypo-osmotic stress
through the formation of stress granules and changes in transcription due to the relocalization of

cavin-1.

5.2.2 Viral entry and immune response

Viruses needs to invade a living cell to replicate. The viral particle, called the virion, consists of
an RNA or DNA viral genome enclosed in an outer protein shell called the capsid. Some viruses
have an envelope around the capsid that contains lipids and proteins, including glycoproteins and
viral receptor proteins known as spikes [10]. There are two mechanisms by which enveloped
viruses enter their host cells. In the first, the virion attaches to host cell receptors using the spikes.
The envelope of the virus fuses with the plasma membrane of the host and the nucleocapsid is
released directly into the cytoplasm, and the nucleic acid then separates from the protein coat. In
the second mechanism, the enveloped virus absorbs to the host cell by specific proteins on its
surface, and the virion is taken in by endocytosis. In the latter process, the host cell plasma

membrane surrounds the virion forming a vesicle, and the nucleocapsid with the viral nucleic acid
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is released into the host cytoplasm. The capsid protein is then removed, releasing the nucleic acid

of the virus.

The endocytic pathways exploited by viruses to enter host cells include macropinocytosis, clathrin-
dependent endocytosis, and caveolae-dependent endocytosis, as well as poorly characterized
routes such as clathrin- and caveolae-independent endocytosis. Although most viruses use only
one of these pathways to enter cells, studies have shown that some viruses use multiple
mechanisms to gain entry into host cells [11]. Caveolae have been implicated in mediating several
different endocytic events including internalizing ligands such as cholesterol, which is translocated
to the endoplasmic reticulum [12]. Due to its composition, caveolae can cluster receptors and
signaling molecules and have been proposed as a site for vesicle budding, docking and fusion.
Several viruses such as the Simian virus 40 (SV40), polyoma virus and echovirus 1 are
endocytosed through flask-shaped caveolae mediated by caveolin-1 upon entry and transported to

the ER by an organelle known as caveosome [13; 14].

The host cell initiates various defense mechanisms to prevent the spread of viral infections. The
first response to a viral infection is the rapid-onset innate response. There are several known
mechanisms involved in innate immunity including interferons, natural killer cells and antigen-
presenting cells. When the virus infects a cell, the cell produces and releases signaling proteins
called interferons, which are a type of cytokine. Interferons act as a warning signal to neighboring
cells where they bind to interferon receptors on uninfected cells. The cells then start producing
anti-viral proteins which prevent the virus from replicating. Interferons are also able to induce
nearby cells to increase the expression of major histocompatibility class I molecules, or MHC class
I, on their surface. These molecules have two major signaling functions; first they present antigens,
which are endogenous viral fragments, to adaptive immune cells, and second to innate immune
cells. As mentioned above, we found that changes in expression levels of cavin-1 and Cav-1 affect

the transcript levels of genes that are linked to early stages of viral entry.

5.2.3 Mechanical stretch and apoptosis
Another way used to promote the flattening of caveolae and induce the relocalization of cavin-1

from the plasma membrane to the nucleus is the oscillating mechanical stretch. Oscillating
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mechanical stretch has been thoroughly examined in various cell lines and tissues including
skeletal and smooth muscle cells, epithelial cells and fibroblasts. While the results vary with cell
types, in most of them include cyclic mechanical stretch include cell proliferation and migration,
endoplasmic reticulum stress induction, cancer regulation and apoptosis[15; 16; 17]. Our lab has
previously shown that different forms of mechanical stretch affect calcium signaling through the
Gag/PLCP pathway in a unique manner [18]. After stretching cells for various time points, we
found that no cells survived after being stretched for more than 12 consecutive hours. Here, we
show that after 12-hours bi-directional mechanical stretch at 1 Hz frequency in a sterile

environment, several genes regulating cell survival and death are upregulated.

Apoptosis is an important cellular process that allows cells to die in a controlled fashion. This
process plays an important role in growth and development. In addition, this process regulates
the elimination of faulty cells when the DNA has been damaged beyond repair. A series of
events are needed to initiate apoptosis, where signals can be extrinsic or intrinsic. Regardless of
their origin, proteases called caspases are activated, setting off a chain of intracellular events

leading to the cell’s death by apoptosis.

5.3 MATERIALS AND METHODS

5.3.1 Cell Culture

Wystar Kyoto rat 3M22 (WKO-3M22) cells, originally obtained from ATCC, were a generous
gift from Dr. Marsha Rolle at Worcester Polytechnic Institute. WKO-3M22 cell lines were
cultured in high glucose DMEM (Corning) without L-glutamine with 10% fetal bovine serum,
1% sodium pyruvate, 1% non-essential amino acids (VWR) and 1% L-glutamine (VWR). All
cells were incubated at 37°C in 5% CO2. For these experiments, cells were cultured in triplicates

per condition of interest in 100mm X 25mm sterile, polystyrene cell culture dishes.

5.3.2 siRNA knock-down

Down-regulation of the Cav-1 gene was accomplished using SmartPool rat siRNA(Cavl) from
Dharmacon Cat# L-093600-02-0005 to give greater than 85% down-regulation as estimated by
western blotting. Silencing the PTRF-1 gene was accomplished using Smartpool siRNA PTRF
from Millipore Sigma Cat# SASI Rn02 0021-3052/PTRF (10.0NMOL). siRNA negative control
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Sigma cat# SICO01was used. Transfection of siRNAs was accomplished using Lipofectamine

3000 (Invitrogen, Inc) as recommended by the manufacturer.

5.3.3 Plasmids

Tomato- pZac2.1 gfaABC1D-td adenovirus was purchased from Addgene (cat# 44332) and was
prepared by the Baljit Khakh Lab (David Geffen School of Medicine). EGFP- Cavin 1 was a
generous gift of Dr Liu Libin (Boston University School of Medicine).

5.3.4 Applications of stress conditions

For the hypo-osmotic stress conditions, the medium was diluted with 50% water for 5 minutes, 12
hours and 24 hours before it was removed, and the cells were collected. For the mechanical bi-
directional stretch, PDMS stretchable plates were made using the Sylgard® 184 Silicone
Elastomer kit. They were first sterilized by soaking in 70% ethanol, then coated with fibronectin
for 30 min, washed with HBSS (Hanks’ balanced salt solution) and coated again with fibronectin
for 30 min. This double coating was necessary for the cells to attach and grow. WKO-3M22 cells
adhered on the PDMS plates described above 'were inserted into the stretching device described
by Dr. Kristen Billiar and colleagues[19]. The device was then inserted inside the cell incubator
where the stretching took place at 37°C and 5% COxz. All stress conditions had their appropriate

controls that were treated identically besides the stress application.

5.3.5 mRNA sequencing

For each experiment, three 100-mm cell culture dishes were set up for each experimental
condition and processed at 90% confluency. WKO-3M22 cells were cultured and stressed as
described above and transfection was performed with Lipofectamine. Total RNA was extracted
using the Qiagen RNA Mini kit (Cat #: 74104) and run on a sodium hypochlorite agarose
denaturing gel to initially check ribosomal RNA integrity. The RNA Integrity Number has been
correlated to the golden standard RIN and provides quantitative information about the integrity
of total RNA. Here the RIN was determined using an Agilent TapeStation 4200 with a High
Sensitivity RNA assay, as recommended by the manufacturer. High-quality RNA is required
(RIN score > 7.0) in order to produce good quality RNAseq libraries. All our samples had RIN
score between 9.2 and 10 (Fig. 5.1). For library preparation, we used 500 ng of each RNA
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sample with the NEBNext Ultra II Directional RNA Library Preparation kit (New England
Biolabs, cat# E7765S) with the Poly(A) mRNA Magnetic Isolation Module (NEB cat# E7490).
The NEB Next Multiplex Oligos for Illumina (Index Primer Set 1 & 2, NEB cat # E7335S,
E7500S) were used to barcode each library. RNA sequencing was performed by Novogene, Inc.
on a NovaSeq sequencer (Illumina), according to the manufacturer’s instructions. For each
library, ~10G of raw data were obtained with a paired end PE150 cycle. Data analysis was
performed using Database for Annotation, Visualization and Integrated Discovery (DAVID).
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Figure 5. 1: RNA Integrity Number (RIN) for library preparation. All samples ran through an

Agilent Bioanalyzer DNA Chip per the instructions of the manufacturer.

5.4 RESULTS

5.4.1 Prolonged osmotic stress affects circadian clock related genes

When analyzing the RNA sequencing data obtained after 5 minutes, 12 hours and 24 hours of
hypo-osmotic stress (Fig. 5.2), it was evident that the five-minute time point was too short to

trigger significant differences in gene expression. However, as expected, the longer the exposure,
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the larger the array of genes that were affected due to osmotic stress. This effect ca be visualized
in Fig. 5.2[20] where we used an MA plot, (an application of Bland-Altman plot, for visual
representation of genomic data). The MA plot visualizes the data by transforming it into M (log
ratio) and A (mean average) scales for two sets of data. If the two sets of data are represented as R
and G, then M= (logoR- 1log>G) showing the difference between the two sets of data and A=
(log2R+ 1og>G)/2 representing the geometric mean of the two sample sets. Due to the dynamic
range of the samples from a few hundred to approximately fifty thousand, the log numbers are
taken in order to shrink that range and make the calculations manageable. Therefore, the y axis

represents the difference between the two groups while the x axis shows the average read counts.

When analyzing the genes whose expression was altered due to osmotic stress, we first looked at
overlapping genes between the 12-hour and the 24-hour osmotic stress (Fig. 5.3). For the
overlapping genes that were upregulated more than 3-fold, we found that they were involved in
different functional pathways, suggesting that osmotic stress is pervasive and affects several
processes simultaneously. One of the identified upregulated genes was Pld4 (phospholipase D
family member 4), which has been shown to regulate phagocytosis and endosomal nucleic-acid

sensing[21; 22; 23].

While there were hundreds of genes overlapping for the 12-hour osmotic stress and the 24- hour
osmotic stress condition, when we looked at the genes that were downregulated more than 3-fold,
no overlapping genes were identified. After 12 hours of osmotic stress, only 2 genes were
downregulated more than 3-fold with the first one being synaptotagmin 13 (syt13, - 3.4fold), which
is involved in vesicle release. The second one identified was fatty acid 2-hydroxylase (fa2h, -
4.1fold), which is mainly involved in lipid metabolism. In particular human syt13 gene had been
characterized as a key mediator in liver tumor suppression [24] while other studies have shown
that syt13 is a novel biomarker in lung adenocarcinoma [25]. In addition, 58% of the genes that
were downregulated more than 3-fold after 24-hour osmotic stress, are associated with plasma
membrane functions, indicating the expected finding that osmotically induced stretch impact

expression and function of membrane proteins.
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Figure 5. 2 MA plot visualizing the log ratio and mean average of the data. (left) After 5
minutes of osmotic stress there are almost no differentially expressed genes. After 12 hours
osmotic stress (middle) and 24 hours of osmotic stress (right) a very large number of genes are

changed. These lists of genes use a cutoff padj<0.1.

Logfold change >3 Logfold change > 2 Logfold change > 0
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Figure 5. 3: Categorization of genes by fold change due to 12-hour/24-hour hypo-osmeotic

stress. Light gray corresponds to the number of genes whose production was altered after 12-hours
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osmotic stress, light green indicated the genes for 24-hour osmotic stress and yellow represents

the overlapping genes for the two conditions.

Our data analysis shows that more than 100 genes are differentially expressed between the 12
hours and 24 hours osmotic time points. Interestingly, we found that the most prominent ones are
fundamental components of the circadian CLOCK genes. Examples of these genes can be found
in Table 5.1. Specifically period 1, 2 and 3 (perl1,2,3) are genes implicated in rthythm generation
and entrainment[26]. While previous studies have shown that asynchronized cells become
synchronized after oscillating serum starvation exposure, other studies relate osmotic stress with
G1 cell cycle delay[27]. These data suggest that exposing cultured unsynchronized cells to
prolonged osmotic stress may synchronize the cell cycle. In other words, BMAL1 not only has a
vital role in the circadian clock but is also a translation factor involved in regulation of protein

synthesis.

Our lab has previously shown the importance of osmotic stress in recruiting cytosolic PLCP to the
plasma membrane, leading to release of SG proteins and formation of stress granules[28].
However, there has been no direct correlation between PLCP and BMALL transcription factor, or
any of its effectors. Previous studies have correlated the activities of phospholipase C, adenylate
cyclase (AC) and protein kinase A (PKA) with per2 rhythms in suprachiasmatic nucleus (SCN)
neurons. Besides the transcriptional repression of Per genes, circadian rhythm oscillations are also
dependent on vasoactive intestinal polypeptide (VIP) signaling between cells. Because VIP is
released by SCN neurons in a circadian pattern, it was found that these synchronized oscillations
occur due to parallel changes in PLCP and adenylate cyclase. In addition, there are studies showing
that angiotensin Il induces circadian gene expression of CLOCK genes in cultured vascular smooth
muscle cells suggesting a potential correlation between GPCR specific hormones, stress granule

accumulation and cell cycle[29].
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Differences in gene expression

Genes 12 hours 24 hours
osmotic stress osmotic stress

ciart -1.15 +2.76
dbp -1.02 +1.90

nrid1 -2.44 +1.64
per1 -1.60 +1.10

nrid2 -1.31 +0.87
per3 -1.06 +0.54

Table S. 1: Osmotic stress affects circadian gene expression. After 12 hours of osmotic stress
the expression of the circadian clock genes decreased while it gets partially or fully restored after

24 hours of osmotic stress suggesting cell cycle synchronization.

5.4.2 Lowering Caveolin-1/Cavin-1 expression has similar impact on gene expression

Both Cav-1 and cavin-1 are needed to form stable caveolae domains. Cav-1 and cavin-1
expression is interdependent, and it was not surprising that we found several overlapping genes.
(Fig. 5.4). When looking at the overlapping genes for the two conditions that were upregulated
more than 4-fold, only one gene was identified as unique with caveolin-1 knock down while the

remaining 48 genes were overlapping.
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Figure 5. 4: Categorization of genes by fold change due to Caveolin-1/cavin-1
downregulation. Blue corresponds to the number of genes whose production was altered after
cavin-1 was downregulated, green indicates the genes after caveolin-1 downregulation and orange

represents the overlapping genes for the two conditions.

Interestingly, when looking at functional characteristics of the overlapping genes that were
upregulated more than 3-fold, we found that 72% of them are involved in anti-viral responses with
the remaining 28% being split almost equally between cancer biomarkers and cell apoptosis
regulation. We have previously shown that when downregulating caveolin 1, there is an increase
in cell death by ~40%, while downregulation of cavin-1 causes ~52% of cells to die. While the
apoptotic genes were a somewhat expected result, the anti-viral immune response without the
presence of viral RNA was a very interesting and intriguing finding that has been so far not

documented in the literature to our knowledge.

The upregulated genes following Cav-1 and cavin-1 downregulation are shown in Table 5.2. As
mentioned, some of the genes that were identified belong to the interferon and chemokine families,
which are primary stimulators of anti-inflammatory signaling responses. A striking observation is
their marked upregulation by up to 11-fold which suggests a quite robust and specific response.

Most of the, 2460 upregulated and overlapping genes in total, were involved in cellular protein
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modification, regulation of cell proliferation, regulation of apoptotic processes and neutrophil

mediated immunity.

Genes Gene Name Viral Infection
o myxovirus '(inﬂuenza virus) Influenza/Viral Encephalitis
(+11fold) resistance 1
zbp1 serpin family A me Z-DNA .
(+11fold) binding protein 1 Herpes Simplex/Influenza
ifit3 interferon-induced protein with Systematic Lupus
(+10fold) tetratricopeptide repeats 3 Erythematosus
rsad2 radical S-adenosyl methionine vellow F
(+10fold) domain containing 2 elowhever
ccl5 C-C motif chemokine ligand Human Immunodeficiency
(+9fold) 5 Virus Type 1
oasl| 2-5-oligoadenylate = .
(+8fold) synthetase-like West Nile Virus Infection
ido1 indoleamine S .
(+7fold) 2,3-dioxygenase 1 Listeriosis/Chlamydia

Table 5. 2: Highest upregulated overlapping genes initiate anti-inflammatory responses.

To gain further insight into the activation of the cell immune response genes, we tested viral
infectivity on the cells, using an adeno-associated virus. Adeno-associated viruses have been
suggested to enter host cells through a caveolaec-mediated mechanism, in addition to other
mechanisms.[30]. We tested the ability of this virus to enter the cells and express a td tomato
reporter gene under control conditions, or after caveolin-1/ cavin-1 downregulation (Fig 5.5).
When caveolae are intact in control cells, approximately 21% of the cells are infected by the
virus. Cavin-1 overexpression, decreases infectivity, indicating a protective effect of caveolae
against viral infection. In support of this hypothesis, when caveolae are ablated, following
caveolin-1 or cavin-1 downregulation, viral infectivity climbs to 71% and 82%, respectively.
These down-regulated caveolin-1 or cavin-1 cells were then used for a rescue experiment where
we transfected them with cavin-1-GFP to overexpress cavin-1 and allow the formation of
caveolae. Indeed, with cavin-1 overexpression, there is a significant decrease in viral infectivity

by more than 55 percent.
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Viral Infectivity in WKO-3M22 cells
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Figure 5. 5: Viral expression with caveolae deformation. Percent of control cells (green)
transfected with the viral plasmid, co-transfected cells with viral plasmid and cavin-1 GFP
(orange), caveolin-1 knock down cells expressing the virus (purple), cavin-1 knock down cells
expressing the virus (pink). Rescue experiment with cavin-1 overexpression in Caveolin-1 knock
down (green) and cavin-1 knock down (yellow) cells. Data shown from three independent

experiment where n=120.

5.4.3 Caveolin-1 knock down decreases c-fos expression

While analyzing the genes whose expression decreased with the absence of Cav-1 or cavin-1, we
did not find overlapping genes that were downregulated more than two-fold (Fig. S5.5).
Specifically, no genes were downregulated more than 2-fold for the cavin-1 knock down. When
downregulating caveolin-1, the production of two genes reduced more than 2-fold, Actin Filament
Associated Protein 1 Like 2 (afapll2, -2.03 Fold) and Fos Proto-Oncogene Ap-1 Transcription
Factor Subunit (fos, -3.0 Fold). Afapl12 is a known adaptor protein involved in the PI3K-AKT
pathway[31]. Loss has been implicated with changes in cell cycle, mainly proliferation rates and
apoptosis. On the other hand, the fos gene family has been extensively investigated in a variety of
different cell types and tissue. Along with FOSB, FOSL1, and FOSL2, FOS encodes leucine zipper
proteins that can dimerize with proteins of the JUN family forming the transcription factor

complex AP-1[32; 33]. Therefore, the FOS proteins have been implicated as regulators of cell
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proliferation, differentiation, and transformation while in some cases they have also been

implicated in cell apoptosis.

o O

|| siRNA cavin-1
|| siRNA Caveolin-1

|:| overlap
Figure 5.6: Categorization of genes by fold change due to Caveolin-1/cavin-1
downregulation. Blue corresponds to the number of genes whose production was altered after
cavin-1 was downregulated, green indicates the genes after caveolin-1 downregulation and orange

represents the overlapping genes for the two conditions.

5.4.4 Bi-directional cyclic mechanical stretch induces cell apoptosis in smooth muscle cells

When analyzing the genes whose production was altered following mechanical stretch, we found
more upregulated genes than downregulated ones (Fig 5.7). When focusing on the downregulated
genes, only two genes were identified with a profound change exceeding the 3-fold. These two
genes were: FAT Atypical Cadherin 3 (fat3, -3.2-fold) and Gap Junction Protein Alpha 5 (gjas, -
4.9-fold). FAT3 along with fatl, fat2 and fat4 are human homologs of Drosophila Fat involved in
tumor suppression and planar cell polarity (PCP)[34]. Gap Junctions are functionally very
important in smooth muscle cells since they mediate plasticity in arterial walls[35]. GJAS
specifically is known to modulate arterial identity and arteriogenesis. Different studies have also
shown that mutations in GJAS may predispose patients to idiopathic atrial fibrillation by impairing

gap-junction assembly or electrical coupling[36; 37].
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Figure 5. 7: Number of genes altered due to mechanical stretch organized by fold change.
The total number of upregulated genes was 2091 (yellow) while the total number of downregulated
ones was 1891 (cyan). Only 11 genes were upregulated more than 5-fold while 40 of them were

upregulated more than 3-fold (red). Only 16 genes were downregulated more than 2-fold.

When looking at the biological processes that these genes were involved in, many of them were
correlated with transcriptional misregulation and proteoglycans in cancer, while others affected
processing in the endoplasmic reticulum, autophagy and apoptosis. The most upregulated genes

for these conditions can be found in Table 5.3.

Genes Gene Name
prss35 ;
(+7fold) protease, serine, 35
akric14 aldo-keto reductase family 1,
(+7fold) member C14
slc4a11 solute carrier family 4 member
(+6.6fold) n
ptgs2 prostaglandin-endoperoxide
(+6.6fold) synthase 2
trem3 triggering receptor
(+6.2fold) expressed on myeloid cells 3
phex phosphate regulating
(+6fold) " Xelinked
lilrb4 leukocyte immunoglobulin
(+6fold) like receptor B4
slcoda1 solute carrier organic anion
(+6fold) transporter family, ber 4a1

Table 5. 3 Highest upregulated genes due to mechanical stretch.
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5.5 DISCUSSION

While we identified a plethora of genes related to the presence and expression level of cavin-1, it
is difficult, in most cases, to infer their precise physiological roles. Nonetheless, a few findings
were novel and paved the way for new hypotheses on the physiological roles of caveolae. Our
results uncovered a previously undocumented link between hypo-osmotic stress and the expression
of circadian rhythm genes. In Chapter 3, we reported that osmotic stress promotes the formation
of stress granules in the cytosol of cells, where stress granule proteins and untranslated mRNA
accumulate until the stress is released[28]. Other studies have shown that the circadian rhythm
protein, BMALI1, dimerizes in the cytosol with the CLOCK transcription factor, and enters the
nucleus where it binds to the enhancer box promoting the transcription of the cry and per family
genes. Upon exposure to 12 hours of continuous hypo-osmotic stress, the dimerization of the two
transcription factors in the cytoplasm of cells is not possible potentially because of dilution [9].
Therefore, there is no binding to the E-box leading to decreased transcription of per and cry genes
(Fig. 5.8). The lack of dimer may lead to the phosphorylation of BMAL1, which binds to stress
granule proteins and inhibits the formation of stress granules. However, the phosphorylated state
of BMALI1 does not last indefinitely, and 12 hours later (total of 24 hours of hypo-osmotic stress)
BMALI is free to dimerize with CLOCK and enter the nucleus, bind to the E-box and induce the
transcription of per and cry genes. SG protein synthesis is still low explaining why there is no SG
formation when caveolae is deformed. These precisely timed oscillations allow us to conclude that
prolonged osmotic stress may lead to cell synchronization with BMAL1 phosphorylation playing
a key role in this process. Even though preliminary data from our lab suggest that PLCB1 is
upregulated in the mitotic phase, the actual role of PLCP in mediating stress granule formation

through the circadian rhythm metabolism remains unclear.
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Figure 5. 8: Model for cell synchronization with prolonged osmotic stress exposure. (Left)
control conditions showing CLOCK/BMALI dimerization in the cytoplasm, stress granule
formation and caveolae structure intact, (middle) 12-hour osmotic stress causing BMALI
phosphorylation, caveolae deformation and decreased transcription of cry and per family genes,
(right) events unfolding after 24-hour osmotic stress with caveolae remaining deformed, SG

protein synthesis low and no BMALI phosphorylation taking place.

Another major finding in our experiments is the stimulation of an anti-viral immune response
with caveolae deformation. So far, we know that viral entry can occur through caveolae, where
viral particles will cause their disruption, and that Cav-1 is required for caveolae dependent
endocytosis[38]. It is also known that expression of Cav-1 and cavin-1 are interdependent,

meaning that downregulating either of them will negatively affect the caveolae structures [39].

When either of these two proteins are downregulated, the cells initiate defense mechanisms
triggering the activation and recruitment of the immune response cells. These, in turn produce
inflammation that further enhance the immune response mediated by interferons and chemokines
that send signals to initiate the production of anti-inflammatory genes. This anti-inflammatory
response is needed to avoid tissue damage due to excessive immune cell activation and activity.

The increased transcription of anti-viral genes without the presence of viral DNA or RNA
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suggests that the disruption of caveolae and the absence of cavin-1 from the nucleus signals an
alarm, ultimately activating expression and production of cytokines and hence triggering an
immune response. It is possible, but unconfirmed, that the residual cavin-1 exit the nucleus in an
attempt to assist Cav-1 in restoring caveolae structure. It is also possible that when cells are
infected, they lack cavin-1 in the nucleus which may allow triggering of defense gene
upregulation (Fig. 5.9). Additional experiments will need to be conducted in order to validate the

precise signaling events.

virus

B

Caveolae
siRNA Cav-1/cavin-1

Caveolae Deformation

Caveolin
dimer

MAYBE
cavin-1 leaving the
i nucleus to assist in
caveolae
@  reformation no cavin-1

‘Jj SOS > Expression of anti-
inflammatory genes
=
G i
P Gene expression - o sl ene ;)gréss on
MIVITVHT dTDODD

Figure 5. 9: Model for viral entry and caveolae deformation. (Left) caveolae disruption due to
viral entry and cavin-1 exiting the nucleus assisting Cav-1 in caveolae reformation. (Right)
Caveolae disruption due to knock down of Cav-1/cavin-1 and upregulation of anti-inflammatory

gene expression.

While the effects of mechanical stretch in carcinogenesis and apoptotic behaviors have been

studied extensively, the results obtained in this study raise new questions on the role of G-protein-
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coupled receptor (GPCR) signaling in stem cell biology and cell survival. Even though the first
candidate for a mechanosensitive GPCR has been the angiotensin-II type-1 (AT1) receptor[40],
we identified other potential regulators of signaling transduction in the GPCR mediated signaling

pathway. The effect extended to other GPCRs involved need to be further studied and analyzed.
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CHAPTER 6 - CONCLUSIONS, LIMITATIONS, AND FUTURE WORK

6.1 CONCLUSIONS

6.1.1 Conclusions Chapter 3 (Aim 1)

While the complexity and the multifunctionality of PLCP is already known to be mainly taking
part on the plasma membrane regulating calcium signaling, this dissertation contributed to the
identification of cytosolic binding partners for the protein. Identifying these binding partners led
to a series of novel findings including the accumulation of stress granule through the Gag/PLCP1
signaling pathway. In addition, so far stress granules were shown to form due to the application of
oxidative stress through various concentrations of arsenite added to the media of cells and animal
models. Here, we showed that different environmental stress showed a significant increase in stress
granule formation (Fig. 6.1). It must be noted that differences depended on the type of stress that
was applied. While promoting stress granule formation through external environmental conditions,
we were able to not only quantify the differences between the various stressors but also visualize
the formation of stress granules in real time. The methods used contributed to the better
understanding of the composition of these granules and their triggers, providing fundamental

insight for future experimental design and optimization.

However, the work conducted was mainly focused on the visualization of accumulated granules
rather than their disassembly suggesting the need for future experiments focusing on that process
and the signaling components that mainly regulate it. It is already known that delayed disassembly
of these stress granules is implicated in several diseases and disorders including Amyotrophic
Lateral Sclerosis and Autism Spectrum Disorder[1; 2; 3]. Therefore, identifying the components
that assist or regulate this process would provide valuable insight for potential biomarkers in

pharmaceutical discoveries and disease prevention.
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Figure 6.1: Model presenting stress granule formation through the Gaq/PLCp1 signaling
pathway.

6.1.2 Conclusions Chapter 4 (Aim 2)

Caveolae and its components, especially cav-1, have been identified as mediators in various
processes including mechanosensation, endocytosis, cell mobility, and apoptosis[4; 5; 6; 7]. While
the role of caveolae’s components has been thoroughly examined over several decades, this
dissertation provides valuable insight regarding the role of caveolae in stress adaptation and the
signaling events that take place upon its deformation on the plasma membrane. With cav-1 not
directly promoting the accumulation of stress granules and p-bodies, we found that cavin-1
mediates the signaling cascade initiated by caveolae deformation. While several studies have
shown cavin-1 as an integral part of the plasma membrane ensuring the structure of caveolae[8; 9;
10] and other studies mention cavin-1 being present in the nucleus and assisting polymerase-1 in
transcription termination, this dissertation provides evidence that cavin-1 relocalizes to the
nucleus[11]. The relocalization occurs after applying hypo-osmotic stress or upon activation of the
Gag/ PLCB1 by using carbachol or bradykinin. This property of cavin-1 must be further explored
since this protein has the potential of being used as a pharmaceutical vehicle for delivering

necessary drugs to the nucleus to halt or promote transcription and translation of genes of interest.
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6.1.3 Conclusions Chapter 5 (Aim 3)

So far, this dissertation has presented evidence regarding the multifunctionality of both PLCp1
and cavin-1 which are mediating fundamental processes in different compartments of the cell.
Now, it is important for us to try and further understand and correlate the GPCR signaling pathway

as we know it with the complexity of caveolae.

We focused on identifying changes occurring in the nucleus after caveolae deformation and
through the PLCB/Gaq signaling pathway. Some of the most striking findings that need to be
further analyzed and understood involved changes in the expression of genes consisting of the
circadian rhythm signaling regulation, the anti-inflammatory immune response, the apoptotic
mechanism, as well as tumorigenesis and tumor suppression. Overall, these data suggest that the
caveolae/Gaq/PLCPB1 pathway allow smooth muscle cells to adapt to changes and the summary of

all signaling events described in this dissertation can be found in Fig. 6.2.
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Figure 6. 2: Summary model of all chapters. This model presents the activation of PLCB1 on
the plasma membrane, the stress granule formation mediated by cytosolic PLCP and the changes

occurring in gene expression due to caveolae deformation and cavin-1 relocalization from the

plasma membrane to the nucleus.

6.2 EXPERIMENTAL LIMITATIONS

There were several limitations that may contributed to our experiments (see below). These
limitations did not take away from the overall findings that cavin-1 mediates information from the
plasma membrane to the nucleus. However, next steps should address some of these limitations by

improving experimental procedures.

6.2.1 Experimental Limitations Aim 1
6.2.1.1 Particle Analysis Data Presentation
In our first aim, we used Particle Analysis as a method to visualize the formation of stress granules

in fixed cells upon immunostaining them with antibodies for specific stress granule marker
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proteins such as PABPC1, Ago2 and G3BP1. We then used our 2-photon microscope to take
optical slices along the z axis of each cell to generate a graph with the total number and size of the
particles forming. When graphing the data, we arranged it as two independent sets of data with the
number of particles represented on the y-axis and the size of particles represented on the x-axis.
We chose this representation after trying several different ones including combining all optical
slices into a 3-D figure before conducting the analysis as well as presenting the data in a histogram.
From all our options, this was the easiest to visualize since we were mainly interested in looking
at the cumulative total number of stress granules formed under each condition that the cells were
exposed to, along with the cumulative total area that the stress granules were occupying in each
cell. We understand that when the optical slices are taken on the z-axis some stress granule
particles can occupy more than one optical slice and therefore may be double counted. However,
this limitation was carried along all the conditions and for all the data analysis that took place, and
we can confidently claim that even though it is a limitation it did not alter our findings or

discoveries in this aim.

6.2.2 Experimental Limitations Aim 2

6.2.2.1 PDMS plates and transfection

One of the most important goals of this aim was to use bi-directional mechanical stretch to deform
the caveolae structure and look at cavin-1 translocation. For us to track cavin-1 localization in the
cell, we had to use a GFP tagged plasmid that allowed us to conduct this experiment
microscopically and with great accuracy. In order for the cells to be mechanically stretched, we
culture them in PDMS plates that can be attached into a stretch device. This available stretch device
belongs to the Billiar lab in the Biomedical Engineering department of Worcester Polytechnic
Institute. While the cells were able to properly adhere and grow on the PDMS plates, throughout

this project we were unable to transfect them with any available plasmid.

We usually use lipofectamine 3000 as an advanced lipid nanoparticle technology for transfection.
However, we were unable to transfect cells cultured on PDMS plates. We then tried different
transfection methods including electroporation, which is a physical transfection method, FuGENE
HD reagents, along with different types of viruses. While none of these methods were successful,

we found that lentiviruses, which are considered a biological method of transduction, were able to
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show a small transfection efficiency. However, the transfection efficiency was too low to draw

accurate results.

6.2.3 Experimental Limitations Aim 3

6.2.3.1 PDMS plates and cell concentration

One of the conditions tested in this Aim was the 12-hours mechanical bi-directional stretch. We
cultured cells in PDMS plates and placed the device inside the incubator for 12 hours before
collecting the cells. This experiment had two major drawbacks with the first one being the low
concentration of the cells and the second one being the device itself. While the other conditions
used cells cultured 100mm dishes that fit I0mL of media each, each PDMS plate can only fit 2mL
of media. Therefore, the number of cells collected after the stretch was significantly lower than
other conditions. However, we made sure to have appropriate control dishes to overcome this issue.
In addition, the PDMS dishes were uncovered inside the incubator raising concern regarding the
sterility of the environment without however, any noticeable contamination present. Again,
appropriate controls were included in this experiment, however optimizing this method and

improving the stretch conditions would be highly recommended for future experimental designs.

6.3 FUTURE WORK

The data presented in this thesis have supported the connection between the Gag/PLCP pathway
and stress granule formation along with the novel ability of cavin-1 to relocalize to the nucleus
and affect the production of various genes due to caveolae deformation. This process is evident in
various types of cells including different smooth muscle cells, mouse embryonic fibroblasts, and
PC12 cells. In addition to the conditions that were presented in this thesis, there are additional
properties, markers, and experiments that have yet to be tested. Future work will greatly strengthen
our understanding of the relationship between caveolae deformation and stress-associated

mechanoadaptation.

6.3.1 Chapter 4: Future Work
6.3.1.1 Caveolin-1, Gag and PLCB1 binding.
In the studies in Chapter 3 and 4, the binding of PLCP to activated Gaq has been well discussed

and served as an origin for the rest of the studies. The ability of Cav-1 to stabilize the activated
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state of Goaq since it binds to a different binding site, has also been one of the key properties of
this protein. What is interesting and worth investigating is whether these three components can
interact at the same time. Future studies should focus on understanding to what extent these
interactions occur simultaneously and whether that will affect downstream effectors such as the
intensity of calcium efflux or the ability of PLC to move from the cytoplasm to the plasma
membrane and vice versa. While these interactions are known, this model has never been
quantified so far. An easy way of approaching this experiment is by doing a multicolor
FLIM/FRET and looking at the changes in lifetime for three different fluorophores, each of which

is targeting one of the three proteins of our interest.

6.3.1.2 Cavin-1 relocalization in different cell types and tissue

The most novel finding in Chapter 4, was the ability of cavin-1 to relocalize from the plasma
membrane to the nucleus upon caveolae deformation through hypoosmotic stress or Gogq
stimulation. While these results were striking in the cell line that was used (WKO-3M22), it is
important to verify this finding in alternate cell lines. Future studies could potentially focus on
mouse embryonic fibroblasts to repeat this experiment and track the localization of cavin-1. In
addition, primary smooth muscle cells could also by utilized after they are extracted from different
aged mice to understand whether aging plays an important role in cavin-1 localization and whether

or not other signaling events are assisting or preventing this process from happening.

6.3.2 Chapter 5: Future Work

6.3.2.1 Circadian rhythm and cell synchronization

Our results in chapter 5 identified several genes that are downregulated after 12 hours and
upregulated upon 24 hours of osmotic stress. This differential expression of certain genes for the
two conditions was correlated with the circadian rhythm and cell cycle. While it is possible that
prolonged osmotic stress is a way of synchronizing the cells, these results need to be verified. One
way of approaching this challenge is by serum starving the cells and after collecting them run

PCRs for the most prominent genes that were identified with our experiment.

In addition, it is important to understand whether these identified genes are cell-line specific or

whether we are looking at a more universal phenomenon. If osmotic stress is indeed synchronizing
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other cell lines, that is something to look at. Our lab has access to several different model cell lines

such as Hela cell, HEK cells and PC12 cells which would be a good start for these experiments.

6.3.2.2 Cavin-1 and viral infectivity

The removal of caveolae through the absence of Cav-1 or cavin-1 initiated a dramatic immune
response to the WKO-3M22 cells with some anti-inflammatory genes being upregulated up to 11-
fold. While this is an interesting result with many possible interpretations (see Discussion section
5.5) it is crucial to understand what the role of cavin-1 during viral infection is and why is the

presence of this protein do important for the survival of cells.

One way of approaching this would be to look at the nuclear envelop integrity with the presence
and the absence of viral DNA and understand if cavin-1 is exiting the nucleus more easily due to
the disruption of nuclear envelope. A great marker for this would be LEMD-2, a protein involved
in nuclear structure organization. Absence of LEMD-2 can suggest nuclear disruption and irregular
movement of cavin-1 to and from the nucleus which could lead to initiation of uncommon

signaling events.
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Appendix: protocols
A1: Isolation and excision of murine aortas

Protocol modified and reproduced from Nathan Robbins, Allie Thompson (2014), Isolation and
Excision of Murine Aorta;, A Versatile Technique in the Study of Cardiovascular Disease,

https://www.jove.com/t/52172/isolation-excision-murine-aorta-versatile-technique-

study?list=HVrjuD8u, doi: 10.3791/52172

Preparation of mouse

1. Euthanize by exposing the animal to carbon dioxide inhaled to effect. This method cannot
be used in mice that are less than 1-month old. Secondary method of euthanasia includes
cervical dislocation which indicates breaking the neck/spine of the mice at the cervical
area.

2. Sanitize the external surface of the mouse by spraying the fur along the abdominal region
where the initial cuts will be made, with 70% ethanol so that the fur is wet with ethanol
and no loose/dry hair enter the region.

3. Lay the mouse out on a surgical board in the spine position with upper and lower
appendages extended outward.

4. Secure appendages to the board using push pins.

[solation of the Heart and Aorta

1. Use forceps to locate and isolate abdominal skin just inferior of the sternum and use
scissors to remove the superficial skin.

2. Dissect up into the thoracic cavity, going through the diaphragm, being sure not to lacerate
the heart or any major blood vessels.

3. Extend the lateral incisions made in step 2.3 cranially to remove the anterior portion of the
ribcage. If necessary, free the heart from the anterior chest wall using blunt dissection.

4. Clean the chest cavity of extraneous blood and fluid by using sterile gauze to absorb
material. Once the area is more visible, remove the lungs to better expose the heart and

aorta.
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Perfusion of Heart and Aorta

1.

Fill a 10-cc syringe with 10 ml of sterile ice cold 1x phosphate buffer solution (PBS), and
attach a 25 gauge needle to the syringe.

Gently insert the needle into the left ventricle of the heart.

Cut the right atrium to alleviate pressure buildup from perfusion. Perfuse the contents of
the syringe into the mouse over 2 - 3 min.

Use sterile gauze at the opening in the right atrium to absorb perfusion fluid.

[solation and Excision of the aorta

1.

Notes:

Expose the gastrointestinal contents by cutting caudally through the abdominal wall,
extending the incision to the suprapubic area. Extend the incision further towards the lower
limbs bilaterally to create skin flaps which can be pinned down or excised.

Remove the lobes of the liver, pancreas, stomach, spleen, and intestines to better visualize
the aorta. Take care when dissecting near the perirenal region, as the aorta is superficial at
the branches of the renal arteries.

NOTE: Perform this step in a precise and matriculate manner as the gastrointestinal tract
is rich with bacteria which increases the propensity for contamination.

Rinse the area with 1x PBS and remove all fluid by absorption with a sterile gauze.

Using sterile microscissors and microforceps, separate the aorta from the spine dorsally
and the esophagus ventrally. It is best to use blunt dissection and utilizing a dissection
microscope for this.

Remove the perivascular adipose tissue using fine microscissors being sure not to remove a portion

of the aortic wall. This is essential to minimize the potential for fibroblast contamination when

culturing aortic smooth muscle cells.

For one 35mm dish of primary smooth muscle cells, 3-4 aortas were used.
The aorta is made up of three layers: the inner layer (tunica intima), the middle layer (tunica
media), and the outer layer (tunica adventitia). The inner layer consists of endothelial cells,

the middle layer has a large amount of elastin which can be visualized through microscopy
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since it causes autofluorescence and the outer layer consists mainly of fibroblasts which
need to be removed quickly since they proliferate rapidly and expand everywhere.
To remove the outer layer, the aorta is digested in collagenase which allows the outer layer

to loosen up and be removed with forceps like a sock.
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A2: Preparation of Bleach Agarose Gels for RNA Visualization

Protocol provided from Dr McKinnon-Rosati’s lab, Stony Brook University.

N S 0 X W

Add 1 g agarose to a 250 mL Erlenmeyer flask using the technical balance, making sure to clean
up the balance with a brush after use.

In the gel room, add 99 mL 1X TBE buffer to flask and swirl.

Add 1 mL commercial bleach (e.g., Clorox; 6% sodium hypochlorite) to flask and incubate for 5
minutes at room temperature, swirling occasionally.

Melt agarose in microwave for 1 minute. In the meantime, prepare the casting tray in the
gel box, making sure the rubber gasket does not get twisted, and place combs in the tray So that
spacers face top of gel.

Take flask out of the microwave with rubber pinch grip and swirl. Place flask back in
Microwave for another minute.

Make sure all the agarose has dissolved.

Add 5 pl of 10 mg/ml ethidium bromide to solution and swirl.

Pour solution into the casting tray and allow to solidify.

Add 1 pg RNA to 1.7 ul 6X DNA loading buffer and bring the final volume to 10 pl with water.
Load gel with RNA samples.

Run the gel for 75 min. at 100 V and visualize with UV light.

Solutions:

6X Loading Buffer (store at 4°C)

M.W. for 10 mL Final Conc.
Glycerol 92.09 3 mL 30%
Bromophenol blue 0.025 g 1.5 mM
Xylene cyanol 0.025 g 1.9 mM
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A3: Immunofluorescence staining protocol for WKO-3M22 cells and mouse embryonic

fibroblasts

1.

Cells were fixed with 3.7% formaldehyde prepared in PBS for 30 minutes.

. Cells were washed 3 times with PBS for 5 minutes per wash.

2
3.
4

Permeabilization occurred with 0.2% Triton X-100 in PBS for 20 minutes.

. Cells were incubated with control blocking solution for 1-2 hours.

Note: Two different blocking solutions have been used at different occasions. Both of them have

been successful.

i. 2% BSA, 5% goat serum and 0.1% Triton X-100 in PBS

ii.  100% FBS (using FBS minimizes background noise when imaging)
Primary and secondary were prepared in blocking solution at the dilutions indicated. If
using FBS for blocking, incubate primary and secondary in 50% FBS + 50% PBS. The
appropriate dilutions are 1:1000 for primary and 1:2000 for secondary. If abcam primary
antibodies are used, the dilutions used were 5 times less concentrated.
Primary antibody was incubated overnight at 4° C and secondary was incubated at room
temperature for 1-2 hours.
Cells were washed 3 times with PBS for 5 minutes per wash after primary antibody

incubation.

. Cells were washed 3 times with PBS for 5 minutes per wash after secondary antibody

incubation.

Cells were covered with aluminum foil and kept at 4°C.

A4d: Immunofluorescence staining protocol for A10 cells

1.

Cells were fixed with 3.7% formaldehyde prepared in PBS or 100% methanol and
incubated at room temperature for 1 hour.

Cells were washed 3 times with PBS for 1 minute per wash.

Cells were permeabilized with 2mL of 0.2% NP40 in PBS and incubated for 5 minutes
(NOT MORE!)
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4. Cells were incubated with 4% BSA in 1X TBS for 30 minutes for blocking.

5. Primary antibody was prepared in 1% BSA in 1X TBS and incubated overnight at 4°C or
for 2 hours at room temperature.

6. Cells were washed 3 times with 2mL of 1X TBS for 3 minutes per wash.

7. Secondary antibody was prepared in 1% BSA in 1X TBS and incubated for 1.5 hours at
room temperature.

8. Cells were washed 3 times with 2mL of 1X TBS for 3 minutes per wash.

9. Cells were covered with aluminum foil and kept at 4°C.

Immunofluorescence staining protocol for PC12 cells

1. Cells were fixed with 3.7% formaldehyde prepared in PBS and incubated at room
temperature for 10 minutes.

2. Wash cells with MSM pipes buffer 3 times for 10 minutes each.

3. Cells were blocked in PBS containing 5% goat serum, 1% BSA and 50mM glycine for 30
minutes.

4. Primary antibody was prepared in 1% BSA in PBS and incubated overnight at 4°C or for
2 hours at room temperature.

5. Cells were washed 3 times with 2mL of 1X TBS for 3 minutes per wash.

6. Secondary antibody was prepared in 1% BSA in PBS and incubated for 1 hour at room
temperature.

7. Cells were washed 3 times with 2mL of 1X TBS for 3 minutes per wash.

8. Cells were covered with aluminum foil and kept at 4°C.

MSM pipes buffer composition
1. PBS +0.4% Triton X-100 (48mL of PBS + 192uL Triton X-100)
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